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On the Macroscopic Theory of Superconductivity 


V. L. GInzBuRG 


P. N. Lebedev Physical Institute, Academy of Sciences, USSR 
(Submitted to JETP editor August 12, 1954) 
J. Exper. Theoret. Phys. USSR 29, 748-761 (December, 1955) 


The question of the basic equations of the macroscopic theory of superconductivity in 
steady and alternating fields is discussed in connection with some recent researches. 


Particular attention is paid to clarification of the character of the conclusions which can be 
made on the basis of measurements of the surface impedance of the metal. 


HE macroscopic theory of superconductivity, the 

basic problem of which consists in establish- 
ing the connection between current density j in a 
superconductor and the electric and magnetic 
field strengths E and H plays an exceptionally 
important role in the study of superconductivity. 

- This relation between j and E, H in the super- 
conducting state has a non-trivial character (in 
contrast, for instance, to Ohm’s law j = oF, which 
in most cases determines the relation in the non- 
superconducting state ); moreover, the establish- 
ment of the relation is absolutely necessary for 

quantitative interpretation of experiments in super- 

- conductivity. Again, the microtheory of super- 
conductivity can hardly be constructed and de- 
veloped if we do not know those macroscopic re- 
lations which must be obtained as a result of a 
detailed consideration of the motion of the elec- 
trons in the metal. In view of what has been said, 
it is easy to understand the considerable attention 

' which has been paid to the macrotheory of super- 

\ conductivity, to which several special monographs 

; and reviews have been devoted (see, for instance, 

: references 1, 2). 


| F. London, Superfluids, I, Macroscopic Theory of 
‘ Superconductivity, New York, 1950. 


2 V.L. Ginzburg, Usp. Fiz. Nauk 42, 169, 333 (1950), 


An important step in the construction of a macro- 
theory of superconductivity was the theory of F. 
and H. London (1935) in which the basic equa- 
tion)? is 


curl Aj, = —(1/c)H. (1) 


If we restrict ourselves to the case of a steady 
field, then Eq. (1), together with Maxwell’ equa- 
tions,is sufficient for determining the density 

j, of the superconducting current and the field 

H in the superconductor. Thus, for a massive 
superconductor j =(c/ 475, )H sH= Hoe? 0; where 
H, is the field at the boundary of the metal, the 

z axis is directed along the normal of the boundary 
surface into the metal and 6, = (Ac?/47)*. The 
parameter A may be conveniently expressed in 
terms of the concentration n, of the ‘“ superconduct- 


s 99 
ing electrons’’; 


a (he cd Or 


o = V Ac®/ 4x = V me? /4nen,, 


where e and m are the charge and the mass of a 
free electron. The macrotheory based on Eq. (1) 
turns out to be in qualitative agreement with ex- 


(2) 
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periments made in weak fields, such that 


H< HAde is the critical field). In fields 


Hace H,, however, such as cocur in the destruction 
of superconductivity by a field, in the intermediate 
state, and so on, Eq. (1) and the theory connected 
with it are completely inapplicable (see reference 
2) and require generalization. A macrotheory 

of superconductivity which can be used in fields 
of any magnitude was developed only fairly 


recently” . Here Eq. (1) is replaced by the 
relations 
led a ype a (3) 
2m \ Cc y) 
toP 4+ 8)we Y=, 
ip. = —2 (weve — vv) — “wp 
2 me ; ) i me | ai] A, 


where A is the vector potential, which, if we as- 
sume div A =0, satisfies the equation AA 
=— (47/c)j,. In a weak field we may consider 
that |W |? =-a/B =|, |? = const, and conse- 
quently j, =—(e2/mc)|W|? A, from which, after 
applying the operation curl, we obtain Fq. (1) with 
A =m/e*|¥|2, ie., |W|? =n,. 

The further development of the theory® and com- 


parison of it with experimental data and, in par- 
ticular, with the specially designed experiments 
of Zavaritskii has turned out to be very sucess- 
ful4-10_ Fowever, in the papers of Pippard!!.12 
is is asserted that even in weak fields (1) 1s not 
applicable, and consequently, that it is essential 


2 Vial. Ginzburg and L. D. Landau, J. Exper. 
Theoret. Phys. USSR 20, 1064 (1950). 


“3 V. P. Silin, J. Exper. Theoret. Phys.. USSR 21, 
1330 (1951). 


5 V. L. Ginzburg, Dokl. Akad. Nauk SSSR 83, 385 
(1952). 


6 V. N. Zavaritskii 
(1951); 85, 749 (1952). 


av. Ginzburg, J. Exper. Theoret. Phys. USSR 23, 
236 (1952). 


SEVane Ginzburg, Usp. Fiz. Nauk 48, 25 (1952). 


9 
A. A. Abrikosov, Dokl. Akad. Nauk SSSR 86, 489 
(1952). 


10 A.V. Gurevich, J. Exper. Theoret. Phys. USSR 
27, 195 (1954). 


ve A. B. Pippard, Proc. Roy. Soc. (London) 216, 
547 (1953). 


12 4. B. Pippard, Physica 19, 765 (1953), 


Dokl. Akad. Nauk SSSR 78, 665 
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to make some modification of fq. (3), which 
leads to (1) in weak fields. The considerations of 
Pippard, which are based on experimental 
material, deserve careful attention. In part 1 of 
the present article we discuss this question and 
come to the conclusion that Pippard’s replace- 
ment of the differential equations (1) or (3) by 
certain integral equations is not justified. In 
parts 2 and 3 we discuss the question of the be- 
havior of superconductors in fields which are not 
steady (as was assumed above in part 1), but 
are time variable at high frequencies, up to the 
optical part of the spectrum. Particular attention 
is devoted to clarifying the character of the con- 
clusions which can be made from the re- 

sults of measurements of the surface impedance 
of superconductors. 


1, CHARACTER OF THE BASIC EQUATIONS OF THE 
MACROTHEORY OF SUPERCONDUCTIVITY IN 
A STEADY FIELD 


Pippard’s remarks are to a large extent based on 
interesting experimental data and confirm the con- 
clusion that (1) is not valid in strong fields. At 
the same time it is easy to see that all the new 
facts (with one possible exception which will be 
pointed out below) agree at least qualitatively 
with the theory®, in which there appear parameters 
a and £ or the directly measurable quantities: 


89 = V me?6 / 4ne? [a | (4) 


a V me? /4ne is, Ain = ) Ana? / B, 


x= (me /|e|h)VB/2x = (V2]e|/ he) Hy 83 


(6, is the penetration depth of a weak field, 1, ,, 
is the critical field for the bulk metal). The 
quantity |W. |“ =n, =—a/8 is not directly 
measurable, so in the expression for oy we may 


take e2/m to be the same as for free electrons 
without making any assumption of a physical 
nature (for further details, see references 2, 3 and 


18). Thus, the “‘concentration of superconducting | 


electrons”’ is by definition given by 


is = me? / 4neop = 2.83- 1013, 2, (5) 


where on as in all that follows, is measured in 
centimeters. The same of course applies also to 
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(1) snd (2); the suggestion sometimes made that 
the mass m = 9.1 x 10°28 should be replaced by 
some effective mass m_,, is based to a large ex- 


tent on a misunderstanding. 

In references 2 and 3 it is assumed that the 
charge e appearing in (3) and in the expression 
for « in (4) is equal to the charge of the free 
electron |e | =4.8 x 107!°. In this case 


%=2+16x107 Hyd? (6) 


and only two parameters, 5, and /7/, ,, enter into 


the theory. The assumption seems to be a fairly 
natural one, but may not necessarily be true 
(this was already noted in reference 8, p. 107). 
If the charge e in (3) is not equal to that of a free 
electron* then three parameters (6), H, , and x) 


enter into the theory®. Verification of the theory 
is possible in this case also, since the same 
quantity « enters, for instance, both into the ex- 
pression for the surface energy and the expression 
determining the dependence of the penetration 
depth on the applied magnetic field. Thus per- 
haps we should not take it for granted, as is 

done by Faber!? and Rardeen!*, that the theory® 
is uniquely linked with (6), although this does 
seem the most probable hypothesis. 

The experimental data given inreferences 13 
and 14 are not very precise, but nevertheless sug- 
gest the possibility that the value of k is two 
or three times larger than that given by (6); in 
other words, 


6 = (V2 |e ore |/ tic) Hen 8 (7) 


where Ge /e:) ~ 2 or 3. Since the ratio e,;;,/e 


* It must be pointed out that the introduction of a non- 
universal charge ©. ¢¢ xe =4.8x 10 10 is not free 
from serious objection (the author owes this remark to 
L. D. Landau). Thus, if the superconductor is non- 
uniform, € ,¢¢ will depend on the coordinates and this 
will upset the gauge invariance of the theory. How- 
ever, to take account of nonuniformity of the metal 
might require just such a generalization of the 
theory’, which was developed only for uniform media 


where this difficulty does not arise. 


- T. E. Faber, Proc. Roy. Soc. (London ) 223, 174 
(1954). 


‘14 J). Bardeen, Phys. Rev. 94, 554 (1954). 
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if es, # e may change from metal to metal there 
is no reason for supposing!® that even if 

V kK K 1 the quantity AH, 59 should have the 
same value for all metals close to T,, according 
to the theory? (here A = o, / (Ay y/87), where 
0, is the surface energy at the boundary between 


normal and superconducting phases). In support 
of the hypothesis that e.,,/e > 1 there are some 


data on the dependence of the penetration depth 
of magnetic field. However, the whole question 
of the value of the ratio e,,,/e remains completely 


open from an experimental point of view, and it is 
quite possible that e | .,/e = 1, as is more proba- 


ble, if not indeed necessary, on theoretical 
grounds. Verification of the theory by measure- 
ment of A and the field dependence of 6 for one 
and the same specimen is therefore particularly 
needed, (if the theory is true then the values of 

x obtained from both experiments should coincide)*. 


* It should be noted that the theory? has been worked 
out only for temperatures close to T,, since it is only 
in this region that the dependence of 55 and H;y, on 
(T, - T), and the expression for the free energy in 
terms of |W |?, are reliably known. For lower 
temperatures, down to T = 0, the generalization of the 
theory? is not uniquely indicated, even if we assume 
on empirical grounds particular forms of the de- 
pendence of 5 and H,,, on T. One variant of such a 
possible generalization of the theory® has been con- 
sidered recently by Bardeen!* who assumed that H 
=H(1-(1/T,)*), Fg =—(H2/4m) (T/T, )? and 


5 = 53 /( 1 -( T/T, )*). The same forms of 
temperature dependence of H, \, and oe. which are in 
agreement with experiment to a first approximation, can 


be obtained by assuming (as in reference 3) that 
2 4 
F oslo t Otel + eB Eh 


but supposing, as in reference 14, that the depend- 
ence of & and f on T has the form: 


1—(T/T,? eens 


tel T, Pe? re) ie 


In this case all the formulas of the theory® remain in 
force, if we understand by & and B, the above func- 
tions of T. However, such a generalization of the 
theory, as also that given by Bardeen? oh has only a limited 
value, since the exact form of the dependence of [os 


on | w|2 is unknown, and the expressions given for 
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Within the framework of the phenomenological 
theory the parameters 5, and H,,, are completely 


independent. From the microscopic point of view, 
as far as can be said in the present state of the 
theory®, only two parameters should enter into 
the theory: the breadth of the gap in the energy 
spectrum determining in the first place the field 
cy, (T =0),and the concentration n,( T =0) 


= G8 determining the penetration depth at 


T =0. The quantity n according to the availa- 


s 0’ 
ble data (see reference 2 and below) is several 
times smaller than the concentration of the con- 
duction electrons in the normal state and may de- 
pend on the treatment of the metal, presence of 
impurities, etc. Moreover, if we examine the path 
by which the quantity n,, enters the microtheory 


(see reference 8, pp. 40-42), we have some reason 
for supposing that the value of n,, is the higher 


the nearer the metal is to an ideal one. Pippard’s 
experiments?! support this supposition since in 
the case he investigated, the addition of impuri- 
ties caused an increase of 55 (i.e., a diminution 
of n,,). The fact that H,,, and 7, are only 


slightly changed cannot be regarded as surprising 
in view of what has been said, and in any case 
does not contradict existing theoretical ideas. 
Thus, the contrary assertion by Pippard does not 
appear to us to be well founded. The only known 
experimental result which evidently contradicts 
the theory? ( also the London theory, which is a 
special case of it) is the non-monotonic depend- 
ence of penetration depth on the angle between the 
current and the tetragonal axis for mono-crystalline 
tin (see references 11] and 15 and the literature 
quoted there )*. However, the experiments in 


the functions H,,,(7) and 85 (T) are also only ap- 
proximate. Nevertheless, this generalization may be 
useful, since the exact form of the function 

ES sw): as is clear from Bardeen, is of little im- 
portance within certain limits, for instance, fromthe 
point of view of calculating the quantity @ . (though 
of course in calculating other quantities the form of the 
function F . AGRA) may be more important ). A more 
detailed discussion of the application of the theory? at 
all temperatures will be given in a forthcoming paper 
by the author. 


* Generalization of Eqs. (1) and (3) to the anisotropic 
case leads’ to a monotonic dependence of 5y for change 
of 6 from 0 to 7/2 (@ is the angle between the current 
and the symmetry axis). 


15 
D. Shoenberg, Superconductivity, Cambridge, 1952. 
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question |! were carried out at high frequencies 
and not for the static conditions which have 
been implied in the preceding discussion. More- 
over, as pointed out by Shoenberg (reference 15, 
p. 161) and Khaikin!®, there are various reasons 
for doubting the validity of the experimental data 
and thus the question df the anisotropy of the 
penetration depth (in particular, in a static or 
low frequency field ) remains open. 

In view of all that had been said, we do not 
see any reason, for the time being, to believe the 
conclusion that (1) is already invalid at low 
fields. Moreover, the equation proposed by 
Pippard to replace it, 

3 r(rA als 
Aj. = — 7 | = = (8) 
seems to be unsuitable for a variety of reasons. 
Indéed, as is clear from Eq. (8) or similar ones*, 
the density of superconducting current j,(r) is 


determined by the field in a region of dimensions 
of order ~ € around the point r and the properties 
of specimens of dimensions d «< must differ 
radically from the properties of the bulk metal. 


‘Further, the parameters & and € in (8) are such 


that for anideal metal fo =&~ 10. and for ad- 


dition of impurities the parameter €& diminishes 
so that 0 < E< om From this it follows that 

films of pure metal with the same value of T, as 
bulk specimens should behave anomalously if 
their thickness d is such that d x €, ~ 10°*. How 
ever, it is known from experiments®,15 that such 
films behave in agreement with the theory? and 

the penetration depth 5, is about the same for 
them as for the bulk metal. The situation is 
similar also for superconducting ' colloids, as 
Pippard himself points out!!, The properties of 
specimens of small dimensions indicate that in 
weak fields the current density j, (r) is determined 
bya region around the point r of dimensions 


E< den ve 10-° (CAF. is the minimum thickness 
of a film with values of T, and oo the same as 


for bulk metal). In the framework of the macro- 


theory this means that the connection between 


* Equation (8) is not gauge invariant and conse- 
quently must be replaced, for instance, by 


curl Aj, =— (3/476) fr* (rH) e/ Say 


(reference 12, p. 772). We shall not go into this 
question in detail, since it is not particularly relevant 
to the discussion in the text. 
16 , 
M. S. Khaikin, J. Exper. Theoret. Phys. USSR 28, 


115 (1955); Soviet Physics JETP 1, 164 (1955) 
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j, and the field is not of an integral character, 

and for a weak field, where the theory must be 
linear, we are led in a natural manner to Fa. 
(1)!+?, Equation (1) has, moreover, a clear 
meaning from the point of view of quantum theory*. 
F.quations of the type (8) are on the contrary ob- 
tained by Pippard only by an analogy with the 
theory of the anomalous skin effect, although there 
do not appear to be any grounds for developing 

an analogy between the superconducting current 
and the normal current in the conditions of either 
the normal or the anomalous skin effect. 

Thus, there are many convincing considerations 
in favor of the validity of Fiq. (1), and the question 
of the nonvalidity of (1) in weak fields need, in 
our opinion, only be seriously discussed when 
this is demanded by new experiments (which 
should in the first place clear up the question of 
the character of the anisotropy of penetration 


depth of static, or sufficiently low frequency 
fields). 


2. BEHAVIOR OF SUPERCONDUCTORS IN A HIGH 
FREQUENCY FIELD (GENERAL CONSIDERATIONS ) 


In part 1 we discussed the behavior of super- 
conductors in a constant field. In an alternating 
field, and in particular, in a high-fre quency field, 


* In reference 3 the current density j (r) depends on 
field over the whole region, since the function V(r) is 
not constant [as it is in the limiting form (1)]. How- 
ever, the connection between remote regions estab- 
lished in this way is realized in a way which is 
characteristic of quantum mechanics, and not by the 
introduction of integral operators. It should be noted 
in this connection that in (3) the term (A“/2m)V*¥, if 

changes appreciably over a distance 6,/ K, is of 
order «Y, which is large. Thus, this term is also 
large and cannot be considered simply as the first term 
in an expansion of the type a V2 Web (V2 © )+... 
In our opinion the prominence of the expression 
(47/2m) V? Wis explained by the fact that the V-func- 
tion introduced in reference 3 is closely connected with 
the true V-function of the electrons in the metal; in the 
equation for the latter, however, there enters only the 
differential operator of the kinetic energy-- (n2/ 2m)V?. 
It should be noted in this connection, that the expres- 
sion obtained in reference 3 for the surface energy, 


Ca = Het O,/ \V 237k is obtained also, as far as order 


ns 
of magnitude is concerned, from the uncertainty prin- 


ciple if we take account of the fact that the thickness 
of the transition layer between phases is ~ 5/K (from 


the uncertainty principle it is evident that Ce. 


2 72 
2 ie 55 Hi %o 
¥ si i: 
2m(8/x)” K 27K 


the situation is in general a good deal more 
complicated, in the first place because of losses 
and the anomalous character of the skin-effect in 
metals at low temperatutes. Rearing in mind this 
complication and the detailed arrangements of the 
relevant experiments, we shall limit ourselves, in 
the case of the high frequency fields, to the situa- 
tion of weak fields (H «H, ), where the problem 
can be treated as linear, and moreover, we shall 
be concerned only with the infleunce of the metal 
on the field outside it (for instance, in a reso- 
nator). In these conditions, and allowing for the 
smallness of the penetration depth of the field into 
the metal, the effect of the metal can be described 
by a single complex quantity which may depend on 
the frequency w. Such a quantity is the surface 
impedance Z (or a function of it ): 


Z(e) =R(o) +iX(0) =2 Ear (9) 


where the subscript 0 indicates that the compon- 
ents E, and ae are to be taken at the surface of 


the metal (the z-axis is directed into the metal ). 

If the relation between the current and the field 
in the metal is such that we can introduce a 
complex dielectric constant «’(@), then 


__ 4 (10°) 
AO ata 
ae 4no 167? 
Sere So breeean Ze 


_ 16x? (R?— X*) — 21XR 


For normal incidence of a plane wave on a plane 
boundary between a vacuum and the medium, Fq. 
(10) is exact, but for oblique incidence of the 
wave on the boundary, and generally for an 
arbitrary field in the vacuum at the boundary, the 
impedance will in general depend on the character 
of this field, i.e., it is not a characteristic of the 
medium alone. However, for metals, where the 
field in the metal diminishes very rapidly, the 
quantity Z, for a plane boundary, does not de- 
pend on the character of the field, if only terms up 
to the order of 1/e’ are considered (see reference 
17, Sec.19). Thus, in practice, if the condition 


16x? /c?|Z |? =|e"| > 1, (11) 


17 ta. L. Alpert, V. L. Ginzburg and E. L. Fein- 
berg, Propagation of Radio Waves, Gostekhizdat, 1953. 
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is fulfilled, as it is with a large margin for metals, 
the impedance may be considered as character- : 
istic of the metal alone, as was mentioned above*. 


This conclusion is valid even if it is not possi- 
ble to introduce a quantity ¢’ characterizing the 
metal, but the metal may still be considered as a 
“‘sood conductor’. This is always the case, at 
least up to frequencies higher than those of 
visible light (see reference 18, Sec. ZY, 

It should be noted too, that where the impedance 
is not universal, it can still be used if the char- 
acter of the external field is determined. The 
question of ‘the existence of a universal impedance 
independent, of the character of the external 
field can be decided experimentally, for instance, 
by a study of the reflection of plane waves of 
incidence for various angles. 

The impedance can always be written in the 
form 


4r ~ 


eV eu (0) | Ge 


Z (w) 


' - ATO off 
Seff = Ceff — lL 


@ 


16n? 


SSG = 1&9 eff. — eZ” 


where €65,(@) is a new complex quantity playing 


the role of an effective dielectric constant of the 
metal. In the special case of normal skin-effect, 
of course, €’,, =€% Generally, however, €’ 

ee ib e ff 


coincides with the complex dielectric constant 

of a medium that would have exactly the 
same effect on the external field as the metal if 
it were put in its place. From this it is clear that 
from measurement of the impedance alone, bring- 
ing in no additional considerations, it is impossi- 
ble to conclude that the metal cannot be charac- 
terized by a parameter €% Such a conclusion in- 
deed cannot be made without going outside the 
framework of phenomenological concepts, but only 
from a determination of the field in the metal it- 
self (the possibility of such measurements is not 
excluded in principle, but there is no need to 


* Under condition (11) we have, for any angle of in- 
cidence of the wave on the surface 


Z(a@) =(4n/c)LE,/H\) =—(4a/e LE, /H,]y. 


bey L. Ginzburg and G. P. Motulevich, Usp. Fiz. 
Nauk 55, 469 (1955). 
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consider them as yet). These remarks make evi- 


dent the unsoundness of attempts!9 to establish, 
on the basis of impedance measurements, that the 


relation between field and current in a super- 
conductor is not a differential one. We should, 
incidentally, qualify what has just been said by 
pointing out that we have been talking up to now 
of an isotropic body; if there is anisotropy, i.e., 
no equivalence between the x and y axes, the 
question of the possibility of characterizing the 
field in the metal by some tensor aa can be de- 


cided by investigating the dependence of Z(@) on 
the angle between the crystal axis and the field 
(see Pippard!!). Because of this, experiments 
on anisotropic specimens at high frequencies 
(e.g., tin), are particularly important, as has al- 
ready been mentioned in Sec. l. 

We shall now discuss some general properties 
of the functions Z(@) and Cpa: It can be 


shown that the quantities Z(w) and €7,,(@), con- 


sidered as functions of a complex variable w, have 
‘neither poles nor zeros in the lower half-plane 
(the time dependence is determined by the 
factor e’®*) or on the real axis, with the excep- 
tion, perhaps, only of the point a = 0. We shall 
not here discuss the proof of this statement, 
which follows essentially from the requirement of 
satisfying the principle of causality, particularly 
as it has recently been discussed by the author 
elsewhere “9 (see also reference 17, Sec. 83). 

In the static case, for superconductors 


(Ee 


Cpe 0 and consequently Z(0) = 0; for non- 
superconductors the quantity Z(0 ) is likewise 
finite. Thus the function Z(w@) has no poles 


along the whole real axis and below it; hence, 


fz =ZC) dat =o 
uy oo’ — w : 


in particular, if the closed contour L is made up 
of the real axis and the path along a semicircle 
below the point w= w (where w is some real 

fre quency ) and an infinite lower semicircle. The 
integral around the infinite semicircle vanishes, 
and consequently (13) can be written in the form 


(13) 


ix {Z (@) — Z(co)} (14) 
oo 
a AS) du' = 0, 


19 4. A, Galkin and M. I, Kaganov, J. Exper. Theoret. 
Phys. USSR 25, 761 (1953). 


20 VL. Ginzburg, Akust. Zh. 1, 31 (1955). 
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where, as in all that follows, the principal value 
of the integral should be understood. Further, 
from the requirements that [//, . |, should be 


real for [E. oh real, it follows that on the real 


axis Z (~w) = Z*(@), i.e., RGw) =R(w) and 
X(-@) =-X (w). Thus, if we separate (14) into 
its real and imaginary parts we obtain without 


difficulty 


R (®) — R (ov) 
£2 of o'[tioy— Ls ; 
=—=| eA) ge, 
0 
200 [R(o’)— 
X (w) — X (co) = =\ tee ay 
0 
For @ > ©, the metal has no effect on the propa- 
gation of the wave, and consequently X(«) =0 
and R(c«) = 47/c. However, the transition to the 
limit of very high frequencies must be considered 


with some care in view of the limited ap plic ability 
2 


of the formulas for surface impedance”. In this 
connection we note that the equationX («) =0 
follows directly from the second of the equations 
(15) and the fact that X¥(0) =0. Moreover, the 
value ofR () is of little importance, since in the 
second of the equations (15), \ sey = 0 
0 
(the integral to be taken as the principal value ), 
so that R() does not really enter, while in the 
first of the equations (15), R («) can be elimiated 
_ by taking the difference of the expression for 
two frequencies. Thus, 


R (2) — R (@;) (16) 


oO 
X (0) = 2 \ ee 

Tw One = 1G» 
0 
The second of these relations is particularly use- 
ful for quantitative estimates, since the quantity 
R(@) is easier to measure, and moreover is al- 
ways positive. This is evident from the fact that 
R is directly connected with the heat developed in 
the metal 


QO (E74 4An)t Al? Ry.2; (17) 


(15) 


595 


where Q is the mean quantity of heat developed 
per unit time per unit area of the metal surface 
(the metal specimen is considered as sufficiently 
thick to absorb the wave completely ) and H, is 
the amplitude of the high-frequency magnetic 
field at the surface ({H], = nee . 


If we introduce resistive and reactive skin- 
depths 6.(@) and 5)(@) in the usual way, de- 
fined by 


R () = (2ne/c?) 8, (0), (18) 


X () = (4re/c?) 69 (@), 
then, for instance, the second of the equations 


(18) may be rewritten in the form 


oo 


8, (0) == \ 


0 


w’8, (w@’) do’ 
o%—ot * (19) 
To improve the convergence of the integral in 
the region of high frequency (in this connection 


see reference 20) it is appropriateto determine not 
the quantity 5, (@) itself, but the difference 


5 )(@,) = 5, (@,), in terms of 5.(w’), or, in par- 


ticular, the difference: 


89 (®) — 8, (0) (20) 


ek 
1 tahen 
= ~\la=a— oi} 8 (o!) odes : 


where 5,(0) = 6, is the penetration depth of a 


weak static magnetic field as used in Sec. l. 
Equation (20) was given earlier by Pippard?!, and 
used successfully by him for estimating the de- 
pendence of 6, on @. 

It is also useful to obtain formulas analogous 
to those given for the quantity «/,,(@). Accord- 


ing to (12) 


Rp: 8 core + Veta + (reese 0)? 


¢ [e2e¢ + (Aro, 55 /0)"| 
>——————_——. (21) 
OM aes Og V eee + (Ar, 5¢ /)° 
X= => 
Cc ar + (AT6, ¢¢ /@) | 
4672 X?2— R? 8rw XR 


feff = — 2 (KP ROY eff ~ 2 (REX? 
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where the root must always be taken as positive. 
For w > 0, the penetration depth of the field into 
the superconductor is given by 6,(@) > 5, (0) 


=6, and is finite; consequently, X (w) = const @. 
Further, the quantity 7, ,, for @ > 0 is certainly 


finite; (the static conductivity o (0) is finite; 


o_,, in the theory of the anomalous skin effect is 


eff 

also finite, and finally because the function 

a ..(@) is even, o.,, would vary as w~? if it had 
eff > ~ eff 


a pole, and thus would lead to X ~ w° instead of 
X ~@). From this and from (21) it is clear that 


€ .,=-@2/w%, R =const * w” and 
eff s 


© eft = — 02 oo? == — €2/Bq0" ( for w—> 0), (22) 


if we consider only the leading term. 

It should be noted that if the differential rela- 
tion (1) is valid for an alternating field (for 
T > 0, and before the onset of quantum absorption ) 
we have 


(23) 


where Ego) is the part of € not connected with 
the superconducting electrons (for further details, 
see references 2 and 21). Equation (23) is of 
course consistent with (22). 

The presence of a pole proportional to w~? dis- 
tinguishes a superconductor from normal conduc- 
tors for which ¢’ = « — i4aa/w, where €(0) and 
o(0) are finite. It is just because of this that 
the proof given below and the corresponding equa- 
tions are somewhat different from those ordinarily 
used for nonsuperconductors (see, for instance, 
reference 17, Sec. 83, and reference 20). 

Rearing in mind what has been said, we see 
that the integral 


§~ feet (0) Een ()} do’ _ 0 
CE LD) 

taken along the same contour as in (13), but with 

an additional detour around the semicircle below 

the point w’=0, vanishes. Troceeding just as 

we did in going from (13) to (15), we obtain 


21 
V. L. Ginzburg, J. Exper. Theoret. Phys. USSR 
21, 979 (1951). 
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OES) ONT (w’) dw’ 
ef (@) =e ee ee 


0 


Lg Pett (0') do’ 
=1—-3+8 | 


o2—@ ” (24) 
0 
1 fe fee (a!) —1} do’ (25) 
Be ae or: |\ Se 
0 
wo? (ets (Eee ! 
=—~\ ie 
0 
co 
4 
a aa {eet (@’) — 1} do’ , 
0 


where we have also taken into account that along 
the real axis €7,,(—w) = 4, (@) and that 

e e 
€6 4,6) = 1(vacuum). Fquations (24) and (25) are 
valid of course for any medium. In the non- 
superconducting state, where €, ,,(@) has no 
singularity at w = 0, we have from (25) 

co 


1 
sett (0) = —53\ [tent (0') — I] das! 
0 


(26) 


Where it is possible to introduce the quantity 
€’(@) for all frequencies, (24) and (25) give the 
relation between €(@) and o(@). It has already 
been pointed out that R(@) is always positive; 

for the same reason o(@) is always positive and 
therefore, as is clear from (10), in the region where 


we can make use of the concept €’, X(@) >0. From 


the meaning of the quantities X (@) and 5, 


=c?X/47w 77, we must suppose that for a plane 
metallic surface X(w@) > 0 and consequently, 
O,¢,(@) > 0 [see Eq. (21)). 

In the infra-red part of the spectrum, at least 
for metals such as Ag, Au and Cu, there is a 
region in which 


Setf =e = —4Ane*ny)/mua? = — 0/@?, 


(27) 


where 7, is by definition the concentration of free 
electrons in the metal (see references 2, 18, where 


22 fi}. Maxwell, P. W. Marcus and J. C. Slater, Phys. 
Rev. 76, 1332 (1949). 
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ny is denoted by N). Unfortunately, it has not been 
strictly established for any superconductor whether 
a region exists in which (27) holds sufficiently 
accurately, but this is very probable and will be 
assumed in what follows. 

According to the available data ( which need 
improvement ), we have, from optical measure- 
ments, Nn) = 6 x 102? for tin?18, while the estimate 
from (17) (based on reference 21) gives Ny = 2.7 
x 107? for tin, and this estimate is if anything, too 
low. 

Comparing (27) and (24), where it is suffi- 
ciently accurate to neglect unity, we obtain the 
summation rule *, 

foo) 


Ngo =Ns + \ 26 (o') da’; 


0 


(28) 


Me (@) = 2M eee ()/7e?, 


since we = Ame*n, /m and wo? = Ame? n/m (to 


avoid a frequently occurring misconception, we 

emphasize again that everywhere above e and m 
are by definition just the charge and mass of the 
free electron). Equation (28), like all the other 


Sete (@) = Se (@) — (05/2) — Aricege (@)/o 


For T > 0, and not too high frequencies, R > 0 
and consequently, o,,,> 0. In this case (29) 


coincides with (23), obtained from (1), but with 
the difference that according to (23), the field 

in the metal decays exponentially, (since €/,,=€"), 
while nothing can be said about the law of decay 
from (29). If the considerations pointing to the 
validity of (1) in a static field are indeed correct 
(see Sec. 1), then for frequencies such that 

7.4, 0 for T +0, it is justified to apply (1) and 


(23) (this follows in particular from the fact that 
5,(@) changes very little in comparison with 6, 


right up to frequencies of order 101° (see refer- 


* Actually in (28) the upper limit should not be in- 
finity but of the order of the maximum frequency for 
which (27) is still valid. It is supposed, however, as 
is usually valid, that to the accuracy with which we 
are working, it is permissable to replace the finite 
limit by infinity. 
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equations obtained, is valid for any temperature 
I’; ny is practically independent of temperature, 


while n. = 2.83 x 105 ee [see Eq. (5) ] and 
varies in such a way that for T = Llp n, =0, 


while for T = 0, n, has its maximum value ae 


For tin, for T > 0058 x 10~© and ny te) 
x 102? (the use of alternative data leads to an 
even smaller value of Bea): Thus, according to 


all the available data, Rap so from which it 


follows that for T + 0 and for sufficiently low fre- 
quencies, where absorption is absent, part of the 
free electrons becomes superconducting and part 
goes into some kind of bound state. From this 
evident limitation and lack of foundation of 
the so-called “‘two-fluid model’’ of superconduc- 
tors become clear (see, for instance, reference 


15, p. 194). 
3. BEHAVIOR OF SUPERCONDUCTORS IN HIGH — 
FREQUENCY FIELDS (CALCULATION OF SURF ACE 
IMPEDANCE ) 


In the general case, taking account of (24), we 
may write 


(29) 


oO 


ce(o) = 1 +8) 


O eft (a’) 
CN eae 


do’ . 


ence 11). With increasing frequency, absorption 
must set in, analogous to the inner photo-effect 
(we shall call this “‘quantum absorption’’ ) and 
we should expect that the threshold frequency, 
@,, for quantum absorption should be given by 


wo, ~ BT 2[h ~ 1022 to 108; (30) 


hp = 2rc/o, ~ 0,1 tol cm 


For tin, according to Fawcett23 | A, < 0.83 cm. 
There are unfortunately no measurements in the 
region of shorter waves or for other metals in 
spite of the fact that such experiments are possl- 
ble, and their importance was emphasized more 


23, Fawcett, Proc.Phys. Soc. (London ) 66A, 1071 
(1953) 
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than 10 years ago?*. For T > 0, O44 > O even 


for @ <@,, on account of the appearance in the 


superconductor of ‘‘normal’’ electrons (excitations), 


that for i 
so that for [> 1, a1, > 5 ¢4,- where O,4,, is 


the effective conductivity in the normal state. The. 


‘‘normal’’ electrons in the superconductor also 


make their contribution to €,.(@), and it is con- 
venient to write (though this has a rather formal 
character ) 


Se (@) = &9() + En (), (31) 


where €, is the contribution to es from the 


‘“‘normal’’ electrons*, and €, is the contribution 


of the ‘‘bound’’ electrons. Pe T > 0 and 
@<O,, 6 (aw) + 0, while & for @ Kw, is con- 


stant and may be estimated with the help of (28): 


Co, (w’) dw’ 
Ep (wo) ae 8\ ff (32) 


ao’? — «? 


les) 
__ 4ne? n,(@’) do! 4re? (no — no) 
0 


, 2 
MO» 


4ne? 19 4re? 19 
—— 


at eee 8 10 
aa m (BT RP LO> te. 101%, 


For @ ~ @, the dependence of €) on ® must al- 


ready be appreciable. The estimate (32) coin- 
cides, as is to be expected, with that given in 
reference 2; the nature of the estimate is such 

tha even the value €, ~ 10’ would not apparently 
be contradictory. From the experimental data!?>?? 
for tin it is probably possible to deduce only that 
for A~ lem, Cr @?/ w* ~ 10°; a value Gace Or 


2 


is quite compatible with (32) and with this 
estimate. For JT > (bg ys and a tend to their 


respective values in the normal state, where 


* To avoid misunderstanding we must point out that 
in references 2 and 21 and in a number of other papers, 


the whole contribution of the ‘‘normal’”’ electrons is 
included in 0, s, which is a complex quantity (in the 


present paper 0, ,, is real). It is evident that 
~47i0,,,/@ in references 2 and 21 is equal to 


€, ~ 4710, ,,/@ in the notation of the present paper 
[see Eqs. (29) and (31)]. 


24 : 
V. L. Ginzburg, J. Exper. Th t. Phys. USS 
14, 134 (1944). : Cee a ae 
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“0 vi 1. . . 
It is natural to try to calculate the quantities 
. 9? 
« (w) and o,,,(@) connected with the “normal 
n 


electrons in the same way as is done in the 
theory of the anomalous skin-effect in metals in 
the normal state2°’?°. We need only consider 
the case of the extreme anomalous skin-effect, 
where the mean free path is much greater than the 
skin depth (J > 5). Under these conditions the 
calculation of Z for superconductors has been 
carried out both on the basis of the kinetic equa- 
tions for the normal electrons?2’2”, and on the 
basis?’2! of the simpler ‘‘ineffectiveness con- 
cept’’2© which is essentially of a dimensional 
character. Although they are more complicated, 
the calculations 22°?” are more consistent with 
the model assumed (free electrons in a medium 
with € = €, — e7 / 62 w). On the other hand this 


model itself, in its application to the “‘normal’’ 
electrons in a superconductor, is completely 
without foundation, particularly if we take 
account of the possibility of quantum absorption, 
which for T > 0 may take place even for o<a, *. 
In this connect ion the calculations in reference 
21 are to be preferred, as being less tied to a 
particular model. In general it cah be said that 
reliable calculations of Z or €, 5, in super- 


conductors are not yet possible, and it is there- 
fore useful to carry out the calculations by a 
variety of methods. From comparison of the re- 
sults it is possible to assess to a certain ex- 
tent how reliable the calculations are. In the 
simplest, and therefore most convenient variant 
of the calculations, using the method of dimen- 
sions, it is assumed?! that 


* For quantum absorption in a particular range of fre- 
quencies the relevant part of O,,, is presumably 0,, 


Kens 0), is a quantity analogous to ne ordinary con- 
uctivity. i = rc 
iby In this case, Tose = % + Fe ge Where O, 5, is 
an effective conductivity connected with the normal 
electrons, which in the region of the anomalous skin- 


effect is completely different from the ‘‘ordinary’’ 
(static ) conductivity of the ‘‘normal’’ electrons 


[see Eq. (33)]. 


22" Reuter and E. H. Sondheimer, Proc. Roy. Soc. 
(London) 195A, 336 (1948); E. H. Sondheimer, Proc. 


Roy. Soc. (London ) 224A, 260 (1954). 


26 : 
A. B. Pippard, Proc. Roy. Soc. (London) 191A, 
385, 399 (194); 224A, 273 (1054). 


27 A. A, Abrikosov, Dokl. Akad. Nauk SSSR 86, 43 
(1952). 
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! -4n0 27 g 
feff = fs — f — sel (33) 
o 3 ! 
= ae el 
off ete 
c 
sa: ate aaa Ne 
S22 


where / is the mean free path and o the static 
conductivity of the ‘‘normal’’ electrons in the 
superconductor (this means that for normal 
skin-effect conditions the normal current density 
in the superconductor would be j, = cE). The 
conductivity due to quantum absorption is of 
course not taken into account in (33). From (33) 
it follows that the quantity y = \/ €os¢ = 40/cZ is 


determined by the equation 


y? —esy + 822e0/V 30? = 0. 


Hence, as was shown in reference 8, we have 


se td OP? SR")... \) G4) 
spo? 2 (2+ RP? 


o/ = (16nw*/c4) V3 R(X? + R2)?. 


The coefficient in front of 5’// in (33) is chosen 


so that in the normal state (for « > 0) we should 
have 2 


Z = Zn =UV 3 wl /c4s)'!s (35) 


x I+ V3i; X=V3R, 


‘i.e., so that the relation should apply which is 
obtained in the more rigorous theory (for the 
normal state ) for diffuse reflection of the elec- 
trons at the surface. 

With the same assumption, the kinetic calcula- 
tion?” gives 


8S SS \ ae c?/850.2 (36) 
Se dry Xe Ry 3 — %): 
afl = (16me/3c)-X3(X* + R28 (1 + 9) 


= wees 64 ; 
RX=5[2V% tan) VW q— In ( <“)I, 


where for 7 <0 we must replace V7 tan“! V7 
by —\ |7| tanh7! y ||; a graph of the function 


n(R/X) is given by Abrikosov?’. For 7 = 3, it 
is evident that «, = 0, and (36) goes over into 
(35) just as does (34): for 7 =—1and ¢«, <0 we 
have o =0 and €, = — 16 7?/ c*X*; this last re- 
sult follows directly from (34) for ¢ = 0*. To 
facilitate comparison between (34) and (36) it is 
convenient to express them in the forms: 


es = — 16n?c 2X 29, (R/ X), (34a) 


3/l=16 V3 mw c 4X f, (R/X), 


2, = — 16n?c 2X 29, (R/ X), (6a) 


/1= 16 V3 nw c4X Sf, (R/ X), 


where the form of the functions ~, . and 
fy 2 is evident from comparison with 


(34) and (36). These functions are plotted in 
Figs. 1 and 2 ( the points R/X =0 and R/X 


~ VV 3 = 0.58 correspond to J =0 and T = T, 
and it can be seen that the differences between 
(34) and (36) are not large and indeed probably 
within the precision which either formula can 
claim (except possibly in the regions close to 


lik ie and T = 0 where 1» Po and ie fos Te- 


spectively, approach zero). From the point of 
view of the microtheory of superconductivity, the 


* Equation (33) is valid only if the wave decays 
rapidly as one goes into the metal, so that foro = 0 
it is necessary that R = 0 and €, <0; in the case of 


(36), for 0 = 0 and €, > 0, 7 > ©, X = 0 and 


R=4n/c ye) which corresponds to a transparent 
body. As is clear from (34), for instance, €, can in 


principle change sign. At the point where € =0, X 


= V 3R and if @ <q@, the superconductor becomes trans- 
parent. In all probability, the frequency @) for which 
€, = 0 is greater than @,, so that transparency does 


not occur (in this connection it is important that in 
the relevant rrequency range €, may epend appreciably 


on @). The introduction of a universal impedance is 
possible only if lec |> 1, and consequently the region 
close to the point €, = 0 requires special consideration 
if O,¢¢ is close to zero. Generally speaking, the 
formulas given above are not valid in this region,but 


their use for deciding the question of the existence of 
this region is quite permissable. 
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most interesting feature is the value of es (o@) 

at low temperatures; this can be determined from 
measurements of X(w@) (R has only secondary 
importance in the determination of €., since in the 
region concerned R?2/X? « 1lfor @ <a, and, for 
instance, ~, = 1— 5(R/X)?. In this region, we 
have from (34) o/l = 163 x nw c4X-4 R 

a V 3072 R/ 167°, so by measuring R (calori- 


metrically, for instance ), we can find o//*, using 


* In the region €. =— 07/50", it follows from the 
relation given for 0/1 and (35) that R/R,~ 55 On 
According to Galkin and Bezuglyi2®, just such a de- 


endence is found in tin for @ <3 x 101. A deviation 
ee this dependence, within the framework of the 


approximation used, would indicate an influence of the 


: YD 
term € in the expression €, = €9 =( c/6,@) ° 


28 A. A. Galkin and P. A. Bezuglyi, Dokl. Akad. 
Nauk SSSR 97, 217 (1954), 


G8 UAT a ee 


Ie, & 


the static value of 6, (which is permissible as 
long as ep | > ean: The accuracy of such a de- 
termination cannot of course exceed that of the 
formulas (34) and (36) themselves. We shall not 
discuss here the question of the measurement of 
Z for superconducting films (see references 8 and 
DAI 

In conclusion, we should like once more to 
emphasize the importance, from the point of view of 
studying superconductivity, of optical measure- 
ments of n_ [see (27) ] and measurements of 


Gere) in the region of centimeter and milli- 


meter waves for various superconductors. 


Translated by D. Shoenberg 
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The Strong Coupling Theory of Meson Fields. II 


R. T. GEILIKMAN 
Moscow State Teachers’ Institute 
(Submitted to JETP editor June 17, 1954) 
J. Exper. Theoret. Phys. USSR 29, 430-438 (October, 1955 ) 


In an earlier paper the problem of nucleons interacting with a meson field has been treated 
by perturbation theory, using as the expansion parameter the reciprocal coupling constant. On 
that basis in the present paper the interaction of two nucleons, the scattering of mesons from 


nucleons, and the bound states of mesons are calculated for the case of the infinitely heavy 
nucleons, 
1 IN a previous paper! the theory of a meson [A + (B, ¢)] be = Eve 


* field interacting with infinitely heavy nucleons 
has bee treated by perturbation theory using the 


inverse coupling constant as the expansion para- A= =f (1)?5 B= — Ip; 

meter. We shall here be concerned with the solu- 

tion of the equations of the zeroth and first ap- ees \ G(r, r’) ; zg 

proximations. l= Ox 0x’ U(r) U(t')drdr! = aie 
We first shall obtain the solutions of the zero order 

approximation, Eq. (14) in I (notation the same as - - 

in I): 1 = {5}aa. 

“ 

(=| Oa (fr) |aa—2O0a (T)] (1) We shall now introduce a coordinate system %, Y, 
V2 al 4ub) i Z such that Z is parallel to 7(the angle between 


5 me z and # is zero or 7). Then n= Sie ow and (1) 
xX |O.(t') faG(r, r’) dr dr'\ $2= ENN becomes 

(ARS D520) =Exho, [B-|=B. (2) 
which describes a neutral pseudoscalar, a charged 
scalar or a charged pseudoscalar field interacting 


with one nucleon. The Hamiltonian H® can be eee also 
For the first case (1) has the form by the known unitary transformation 
; , pie : n 
cos > Cal Glia), <7-sin ay Ce ies) 4 = arccos mt ’ 
A = : 
; , ; n 
isin = eil(«/2)—(7/4)] cos as eil(«/2)—(7/4)] a = ‘arctg A 


As 


The eigenvalues of (2) are: EY =A+B; ; EY. 


=4 ~B-. In the first case we obtain from 
Zz 


et oy ey Aaa =. pce 
a = (Y2(S, ma), ta, (5, Na)) 8) Bo og a gee 
1 0 i 
see Kq. Saito = ie =) for X= 2, He=Tp sts;); = neo = Ee 
g ( 3 2 j 
n> =-~—1. The Hamiltonians He and H) and their - ; a 5 : 
respective eigenvalues are En =—->; Ex=zlp 


2 L. de Broglie, L’électron magnétique, Paris, 1934, 


1 B. T. Geilikman, J. Exper. Theoret. Phys. USSR 29, p. 127. 


417 (1955); hereinafter quoted as I. 
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In the case H) =A-1, (7, 6 


tions in o space are Sannin and therefore the 
direction of n, and therewith Z , is arbitrary. How- 
ever, for any given direction of Z the projections 


of a are well defined: for A= 1, nz = 1; for A= 2, 


N; =—1. This is similar to the case of the angular 


a), clearly all direc- 


momentum vector L of a particle moving in a 
central field, where any frame of reference can be 
used, and therefore the direction of |L|,, is also 


arbitrary. In fact, projecting L on the z-axis, we 
obtain |L, |, =m and |L, + iL, eo 
Eph fig ee ee ee | ay 
h| ef (= + ictg9 5) [qq = 05 jie 
= IL, lan = 0» or, the vector |L|, 


the z-axis. Despite the arbitrary direction of the 
z-axis the projections |L|, onto it are fully de- 


ot is parallel to 


termined and correspond to a certain set of w- 
functions. The direction used for the projection 
does not enter into our expressions of the energy 
in any order of approximation in analogy to the 
case of a particle in a central field. 

Similarly, in the case of a symmetric scalar 


field, 


[ees 
HH? ACE (B, x); A= — (7); 
RS ns 9 = (ras 


k= g\G(r,r)UM) Ut) drdr; 1,~g2/a. 


For the axis Z, parallel to 7, we find 


AeA Bee, aay 


For A= 1: 


1 
Eee 


0 0 0 ee. 3 
ee ee 
For A =2 
(2) 1 
m= —1; HE=1,(54 +) ee 
1,0 ee. { 0 i. 3 
221 = a! Em = —3; Ex =x. 


* and o space such that the matrix ca 


3G. Wentzel, Helv. Phys. Acta 16, 551 (1943). 
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Actudly, the direction of the Z -axis is determinec 
by the experimental conditions, i.e., by a not- 
charge-invariant perturbation. Under usual circum- 
stances the charge of a nucleon, i.e., 7,, is well 


defined. Therefore, here 7 is parallel to the z- 
axis and the Z -axis coincides with the z-axis. 

In the case of a nonsymmetric scalar field 
(1, = 71+ 27, ), there exists a preferred direction 


in T-space, namely the Z-axis, and therefore the 
rae Sak of the vector {7 $) ) is not arbitrary, and 
EY, #+E 
neutron differ ). 

We shall now investigate the symmetric pseudo- 
scalar field: a 


59 (the self energy of the proton and the 


3,3 
FP? =A -+ Berson (4) 
ak 
3.3 
Preis 
A a om Suk, apa pee! sea Teen: 
a,R 


Sak =|723n| ane 


We shall choose a system of coordinates i in the 
is di- 


ae ar = &6 cry khen 


agon al? 


3 


=A+ > Brrteer- 
R 


We now apply a unitary transformation to H®:? 


1 | 
= of Eee 
> Ta (co 1) 
SHS : 
hye — £6 2 Bys eta (Bn = 2 


The eigenvalues are 


FS = A -+ joy + Bs — Bs; | 
B.+ Bs; 
Ey=A + By — By + By. | 


According to Fas. (3) and (15) of I we have, for 
Soar 


* \W. Pauli and S. Dancoff, Phys. Rev. 62, 85 (1942). 
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e) _ 3 (1) 


= a eae 


Ht =1p(5 —_ — i a ae CO I 


Lol or 


= Fo, = BY = = Ip. 


| 


For A =3: 
S = —1; 


me 


Ee = B= I 


. 0 Ned 
Ex s=Li39 —— E34 a OF 


For A =4: 


- is -(4) 
9 = 1, WO = 


> 


M=Ip(5 pup ao +t 97) 


jis 
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| “= . os . ° 
= Us; vo = U4; a =U; 0 


vag Ya» 


3 
ye 5 Lp’ Eu =E B= 1p 


Knowing Wr it is possible to find the diagonal 
matrix elements of the spin operators ies o’}) y 
={S-t T,.6 S Sy) which enter the expressions for 


the magnetic moments [Fiq. (26) in I}. We then ob- 
tain for M, in the zeroth approximation 


a 


= ga e oh, fe 
--(4 ina) 2 


he «2a Zha 


=+(25 e 


eh ) 
he 2a i 4mc }* 


The magnetic moments of the proton and the 
neutron differ only in sign. 
It may be noted that the field v2 is fully de- 


termined by the parameters 7,, UP €_, which are 


«k 
found when solving Eq. (1), and that the 7,, a 


differ for different A. For eS in the case of 
a scalar eure ie field ge = =O tor A= 152; 


Cah a= (C&, Sn Garae Cie 


cV4n 
=~ (pF )y_y 


fully determined by solving the equations of the 
zeroth order, the character of the fields , is 


As aresult of the fact that pe is 


purely oscillatory in all its degrees of freedom 
(the Hamiltonian 1), splits into a sum of harmonic 


oscillator Hamiltonians). This is not so in the 
theory of molecules (see I). Since the electronic 
energy Ee (R,) depends only on the distance be- 


tween the nucleon positions, |R, - R, |, the mini- 


mizing of the energy yields only 3n - 6(3n -5 
for n = 2) relative distances. In these 3n - 6 de- 
grees of freedom the motion is oscillatory in char- 
acter; the remainder are translatory (motion of the 
center of mass) and rotational (rotation of the 
molecule as a whole) in character. 

In all three cases of symmetric coupling, the 
eigenvalues EY are the same for the different A» 


as to be expected. This degeneracy disappears 
only in the higher approximations when real 
mesons appear. However, fora particular Hamil- 
tonian Hy the eigenvalues Ey are not degenerate: 
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EX, # EX, for p#A. A mathematical degeneracy 


is absent. 

2. We shall now consider two nucleons inter- 
acting with a pseudoscalar neutral field. Accord- 
ing to Eq. (30) of I the zero order Hamiltonian for 
this case is 


He = A + (Bi, 91) + (Bu, 31); (5) 
Fate: . , 3,3 
A= Fla)? + (qu) + FL Kin 17a 
i,k 


3 


Bin = — iyo — Dd My Koss 
i 


3 
Bur = — ie DK; 
I 


Linea lita 


Ky = _ \ U; (r — 11) Un (r’ — 11) 


0°G (r, r’ 
EASE drdr' = dink, + ninkrKg; 
Ox,0X, 
tor r 
Pell Cees) 
antl ry 
For 
it | d 
rua ki =— as ari Git rit)} 
dK. 
Ka = rin =. 
ary yy 
Therefore, 


] ie at = 
H° = $F [(n1)? + (y)?) + Ai (aps My) 


as Ky (n, 1 ) (n, th) —TI), (a), 3,) 


3% (hy 1)! =. Ky [(3,, T) Ze (15 a] 


— Kz [(9,, n) (q,0)+(6,, n(n, n)1- 


a a 
We now choose in the Oy on space a frame of 


reference such that the axes z, and Zu are 


parallel to B, and By, respectively. Then 7,7 
=n =9 (i =I, II) or, oP || B, and Ty ||B,,. Now, 


> > 
B, = 4,7, + bm +c; so 1 ||n and 7,,||n, and 


finally 
FP =A+ Byroag + Buz yz; 
Bz = —I pz — Ketygz 
Buz = —Ipn,— —— Ketuzs Ke = K, + Ke. 
The cigenvalucerar® 
F9=A+ Bz + Bz; L2=A—Bz — Bir; 
F3=A—Bz+ Buz; 


E,=A+ Br — By. 


For A =2: 
) as (2) = 2 = — % 

ai eee 1; Eee lp ase 
For A =3: 

COS =e d meee. 

P= 1D = R= — Ip + Kp 
For A =4: 

(4) ny 4) en cee 

ee ee 


We see that pete are parallel to n, which is a pre- 


ferred direction in this case of two nucleons. 
Similarly, we obtain for a scalar symmetric field 


[Eq. (30) in T] 


He = A + (Bi, 41) + (Bu, %); (6) 
A= En)? + Cy)+ KG ty): 
By = — ails — ay Ks: 
Bu = — 7,/s— 7K; 
Ke= 8?\ Ui (t) Un (t!) G(r, r') ded’. 
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For the choice of axes z, and z,, parallel to B, 


and By respectively, we find 
(M=A+ Beas + Bus uz. 


For A=1: 
Hye Se = 1, ES = —Is — Kz; 


For A = 2: 
Pah = 1 Pym Ks 
For A = 3: 
eS 1? ne) = 1; £9 = —/;4+ Ks; 
For A =4: 


Iz Iz 


ee TK. 


In all cases we obtain an interaction of the 
Yukawa type. But the EY for two nucleons are 


already not the same: E29, = £3}, and | ee ON 


44’ 
but ee # b9 


parallel or antiparallel (ordinary and isotopic ) 
spins |. 

3. We shall now investigate the first approxi- 
mation for the simple case of the symmetric 
scalar field. Equation (20) of I, describing the 
motion of a meson interacting with a nucleon, 
for \ = 1 has the form 


3 [these cases differ by having 


3 


(62 —A)o,,—dsU(r) Dy (76h! tla (7) 
6=1 
ah 1a, tte les) | Ot )4 Pop (tr )d 
o? 
b 
= Par? 
ds = 2a lla 


In the frame of reference x, ¥, Z we have | % |}. 
pte joi = 1s Pale Wiete = I= lhe 


= | le =0 and we obtain from (7) 


(2 291K) 05 (8) 


—2d,U r) \er(r') Ur ) dt’ =o; 


Pras 


(x? — A) Py 
2 
— 2d<U (r) \ or (r') U(r) dr! =F 9, 
(x? — A) o> = - o 


The equations for A = 2 are identical. 
It shourd be mentioned that only the full field 
®, = 2 + y, obeys charge invariance but not the 


fields ¢ and ¢, separately. Because ge = pe 


= 0 and only pe #0, the component g is also 


4 
singled out. 
We see that in the case of x and Ps the meson 


is being attracted by the nucleon. In the limiting 
case a> 0 and for e’=€-pc? < uc? we obtain 
(taking, for example, U =3/47a° for r <u; 


U =0forr >a, and], ~3g?/2a) 


h? - h? 
— a Ae z cage au (t)9- =8e'9-. 


The depth of the potential well U) = 7/ pa? and 
so the condition U, Kh? / pa? oe the absence of 


bound states (see Di is not fulfilled. Therefore, 
with the above choice of U(r) there are isobars 
possible even for a> 0; €’= g®. 

Under usual experimental conditions the charge 
of a nucleon, i.e., 7,, is fully determined, and 


= 
therefore 7 is parallel] to the z-axis. Therefore, 
here the Z-axis coincides with the z-axis, and 
~; =@. From Eq. (8) one can see that in the 


first approximation neutral mesons ( ¢, ) do not 


interact with fixed nucleons. (This does not apply 
to a pseudoscalar field. ) 
If « > pc? we obtain for gp, (a, = 1) the following 


equation [see (23) in I) 


Cee ED 
Os 


d, = 


sek U(r')dr’ \ U(r’) 2, (0) dr” 


=a 
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anda similar expression for P+ Fere one has to 


take d, = 2ng?/(1, - (e/2) |] [see (25) inI). The 


solution has the form 
i(k,r) 


, ee (2! 
Ui 4s 


See eee a(n) (para 


2 \ |r— 
eikir—r'| ; ; 
. ; / 1 
Petru (r') de oF U(r')dr’. 


Expanding in a series in powers of ka and Ka we 
obtain for r > 


by me PAD 
aC 


1 — k*a2/5 Bee (r 
(e/2o7) + x + ik—3a(v2 +k) 8 r \} 


For the scattering cross section for charged 
mesons, not considering absorption processes, 


f': 4 ; 
we then obtain eS 75 (o,— iy. 
(2, fe ig,) I: 


(1 — ka? /5)2dO 
[(e2eP Fx— abt TR) SPER 


6 
? Siena = 
7 


Pa (9) 


dQ = 2xrsin 9d9. 


We now shall go to the limit a=0. Here, naturally, 


the self energy By = oo, but the cross section 


do as well as the bound state energy €’ of the 
meson (see above ) approach a finite limit. 


dQ 
as = e 


[(e7 2g Fx + Be 


For a neutral pseudoscalar field Eq. (20) of I has 
the form 


poe ral ME te 


= ( a (r') dr’ 2 oe 
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The solution for € > Hoe 


o= e! (k, r) 
, otkir—r'| , 1 
aie ee = e ou ou Oo” dr dr’ \ 
d, Pir | Ox Ox’ 
a ofRir—r’ 
1 OU Ut’) sick, #) gp Ce oC r Oar : 
Ox’ ot | hoe 
/ i [r—r'| / 
POU (') ik, eg ee ea nes HOU) 1; 
ss . r 7 — dr , 
+ | Ow’ a \jror | OW’ 


{sha || [kxXk’]. 


Up to terms (ka)? and (xa)? the meson scattering 
cross section is given by 


ws k* cos? 3 (1 — k2a? / 5)? dQ 


= [ee] 2g) +08 eB See? 2°) 


dr cia = 3 
2a 


=jumue te we: 
for a—>0 do- >0. 


In the case of two nucleons, their being in a bound 
state can lead to an additional interaction be- 
tween them in the order g®. Actually, the energy 
€ depends, generally speaking, on the distance 
ry, and can even become zero at a certain dis- 


tance r;, =r,. The energy of the system has [in 


the absence of real mesons (nip =0)] up to terms 


a > 


hopdver 


of order a the form 
EX+Ea= E(t Sy - 
7 <uc? 


om 


This way the term > ci/2 in the zero order 
€; <pc? 
energy of the meson field, as well as EY depends 


on Tio 


4. The results here obtained differ significantly 
from earlier work (see, for example, references 
3-8). Fowever, it can be shown that the quoted 


° G. Wentzel, Helv. Phys. Acta 13, 269 (1940); 14, 
633 (1941), 


© R. Serber and S. Dancoff, Phys. Rev. 63, 143 (1943), 


7 W. Pauli and S. Kusaka, Phys. Rev. 63, 400 (1943). 
: W. Pauli, Meson Theory of Nuclear Forces. 
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papers contain essential errors. It should be 
pointed out, first, that the replacement of the 


> > 

operators o and 7 by classical unit vectors in 
reference 8 seems to be inadmissible. The transi- 
tion to the classical case corresponds to a situa- 
tion with large quantum numbers. However, the 
spin operators have just two quantum states, and a 
transition to classical mechanics seems to be 
meaningless. 

In references 3-7 the operators o and Thave been 
retaned and the quantum mechanical Haniltonian 
has been used. For the zeroth order Hamiltonian 
the correct potential enervy V, , diagonalized in 


the spin variables, has been obtained. However, it 
has been incorrectly assumed that the level 
E°={5/2 I)for the pseudoscalar symmetric field 
and E° =(3/2 /)for the scalar symmetric or the 
pseudoscalar neutral field obtains for the real 
state of the system. As has been shown above, 
the energy is actually the same for all cases of 
symmetric coupling (ES) = EY» -). The relations 


(E° =G/2) and E° =@/2)hold for the eigenvalues 
of the auxiliary orthonormal functions wy for 
p#A(seel). . 

A more serious shortcoming in references 3-7 
seems to be the assumption that because of the 
large difference E° =(/2/)(5/2/) between the 
unperturbed and the perturbed level, one can 
neglect transitions from the unperturbed to the 
perturbed level. Therefore, in the higher approxi- 
mations the spin operator O,9, is replaced by 


its diagonal elements (see,for example, Sec. 5 of 
reference 4 and III A of reference 6). Now the per- 
turbation H ‘1) is of first order g, and therefore, its 
nondiagonal elements yield in the second approxi- 
mation terms of zero order in g [see (19) in I; 
these nondiagonal elements actually correspond 

to transitions to the real level Ey), but in a state 


a 
order g° have not been correctly obtained in 
references 3-7, and the energy of the isobars, 
which has geen given in these references, actually 
is of the order g~*. Furthermore, only one spin 
state of the system with A= is considered, i.e., 


with A4 py]. In this way even the terms of 
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. . > 
one projection of <a>, <7>, <7, 6 >; as has been 


seen above, the direction of the vectors is arbi- 
trary. ut it was inferred in these papers that, by 
solving the equation of zero order, one can only 
obtain the absolute value of the vectors <o >, 


> > 7 
<T>, <7,0 >; therefore, angular variables were 


introduced in isospace to describe the rotational 
= 
degrees of freedom of the vectors <é>, <T>, 


<T,6>(a, b, cor €..,, for the pseudoscalar and 3 


for the scalar field, see references 4-6 ). How- 
ever, as shown above,the vectors <o>, <7 >: 

> 
<T,0 > are fully determined solving (1), although 


for symmetric coupling the direction of these vec- 
tors turns out to be arbitrary. By the introduction 
of the angular variables the number of the degrees 
of freedom is arbitrarily increased while no condi- 
tions are imposed on the old variables, the spin 
variables of the nucleons and the field oscil- 
laors * Finally, corrections to the energy are 
not calculated in references 3-7 in the straight- 
forwad and unique way of perturbation theory, but 
by applying a series of unitary transformations 
which are different for the different cases. Here 
the calculations are rendered very involved by the 
fact that the zero order field ¢2 is an operator and 
not a classical quantity; therefore, the field of the 
real mesons and the corresponding momentum turn 
out not to be canonical variables. The involved 
character of the calculations explains the occur- 
rence of anumber of actual mistakes in these 
references which have been pointed out by the 
author. 


* Note added in proof: These critical remarks apply 
to a great extent to recently published papers by J. 
Pekar, J. Exper. Theoret. Phys. USSR 27,398, 411,579 
(1954). 


° B Geilikman, Dokl. Akad. Nauk SSSR 90, 991 (1953). 


Translated by M. Danos 
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Investigation of the Origin of Levels of Electron Localization 
in Zinc Sulphide Phosphors 
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The role of copper and oxygen in the formation of three bands of localization levels of 
electrons in ZnS-Cu phosphor is clarified by the method of temperature controlled lumines- 


cence. The action of iron, nickel and cobalt on the separate maxima of the temperature 


controlled luminescence curve is examined. 


It is found that Fe and Ni in small concen- 


trations may sharply increase the intensity of luminescence. 


1. INTRODUCTION 
P ROLCNGED emission of phosphors is caused 


by the freeing of electrons from special 
localized centers in the crystal structure, where 
they are trapped when the phosphor is excited. 
Typical phosphors generally have several kinds of 
energy levels of localization of electrons, differ- 
ing in their depth, each of which takes part in a 
definite way in the process of phosphor lumines- 
cence. It is clear from this that the electron locali- 
zation levels play an exceptionally important 
role in the kinetics of phosphorescence. 

The question of the origin of electron loc aliza- 
tion levels has not been adequately investigated 
up to the present time. According to the generally 
accepted opinion, the places in the crystal struc- 
ture which are deformed by the inclusion of the 
activator ions, are also the places of electron 
localization. However, each phosphor must be 
separately investigated to determine which set of 
levels is connected (and to what extent ) with one 
or the other activator. Also, the influence of the 
other components of the phosphor and of the so- 
called extinguishers of luminescence, such as 
iron, nickel and cobalt, on the formation of local- 
ized levels is very little understood. . 

The most widely studied class of phosphors are 
the zinc sulphides which found wide practical 
application. It is known that atypical ZnS-Cu 
phosphor has three bands of electron localization 
of different depth. The depth of the levels in each 
band is characterized by a temperature at which 
most of the electrons stored on the levels of a 
given band are freed. Hereinafter, the three 
bands of electron localization of the ZnS-Cu 
phosphor will be indicated in the order of increas- 
ing depth by numbers I, II and III; the depths of 
these bands are characterized by temperature 
ranges -140 to -110° C, -60 to -40° C, +20 to 
+50° C, respectively. 

The most thoroughly investigated is the III 


band of levels. According to references 1 and 2, 
the origin of this band is connected with the pres- 
ence of copper. However, in references 3 and 4 
this band is explained by the presence of oxygen 
in the lattice of ZnS. Wee see that there is no 
agreement on the nature of this most highly in- 
vestigated band of electron localization. Concern- 
ing the origin of bands I and II, there are even less 
data available. Kreger® considers that the band 

II (7 =-59 to -25° C) originates by the penetra- 
tion of copper into the lattice ZnS. According to 
the opinion of Hoogenstraten-, it is caused by the 
presence of complex CutQ-?. Hoogenstraten con- 
nects the origin of band I with presence of sulphur 
ion vacancies in the ZnS lattice if oxygen ions 
enter into the composition of the phosphor; in the 
absence of oxygen, ions of the type CI are con- 
sidered the cause of formation of the I band of 
levels. 

Our work is devoted to the further clarification of 
influence of the components of the ZnS-Cu phos- 
phor on the formation of its levels of localization. 
To carry out this work we have changed, in differ- 
ent respects, the composition of the investigated 
samples and have determined their curves of light 
emission as a function of temperature. | 


2. DESCRIPTION OF THE EXPERIMENT AL METHOD | 


In order to establish more accurately the compo- | 
sition of the investigated ZnS-Cu phosphor | 
samples, their preparation was carried out by 
ourselves. For the preparation of the phosphors, 


1G. F. Garlick, A. F. Wells and M. F. Wilkins, J. 
Chem. Phys. 17, 399 (1949). 


2 R. Bube, Phys. Rev. 80, 655 (1950). H 


3 
F. A. Kreger and J. A. Dikhoff, J. Electrochem. i 
Soc. 99, 144 (1952). . 


f Were 
W. Hoogenstraten, J. Electrochem. Soc. 100, 356 
(1953), 
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we had at our disposal specially purified zinc 
suplhide and alkaline halide melts. The copper, 
and also Fe, Ni and Co; used as activators were 
in the form of chloride salts marked “chemically 
pure’’. Quartz and ceramic vessels only were 
used in the preparation of the samples. Heat 
treatment was performed in closed quartz cruci- 
bles at a temperature of 1100°C for a period of 

15 minutes. 

For the investigation, samples ~ 10 thick were 
deposited by precipitation from alcohol on mica 
plates ~ 7 thick. 

As the basic method of investigation, we chose 
the temperature controlled luminescence method 
which consists of a measurement of the intensity 
of the excited luminescence at low temperatures of 
the phosphor as a function of this temperature. A 
veryimportant requirement of this method is the 
uniform heating of the phosphor in the process of 
excitation. Otherwise, the entire picture of re- 
sulting levels is distorted. 

The area under the curve of the temperature con- 
trolled luminescence or the height of its maximum 
(if the width does not change and on the assump- 
tion that in the given range of temperatures there 
is no temperature extinction ) is proportional to the 
number of localized electrons on the levels of a 
given depth under given conditions of excitation. 
The latter conclusion cannot be considered 
strictly true since electrons which are elevated 
from the levels of localization into the conduction 
bands may undergo secondary localization, which 
may disturb the proportimality between the in- 
tensity of illumination corresponding to the maxi- 
mum of the temperature controlled luminescence 
curve and the number of electrons localized on the 
levels of a given depth. However, as we shall 
see below, a series of experiments shows that 
under conditions of our experiment, the above- 
mentioned proportionality is preserved with very 
- good approximation. The method of temperature 

controlled luminescence is therefore very con- 
venient for the study of the origin of the electron 
localization levels, which in this case is re- 
duced to the determination of the cause of the 
formation of separate maxima in the curve of the 
temperature controlled luminescence. 


To achieve temperature controlled luminescence, 


we have constructed special equipment which 
permits us to obtain quite accurately a linear 
relationship between the time of heating and the 
temperature of the excited phosphor. A sketch of 
the experimental arrangement is shown in Fig. 1. 
The equipment consists of a massive brass rod 
with a cavity for the sample. The sample was 
fastened by a special movable holder. The 
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temperature of the phosphor was measured by a 
thermocouple. The heating wire was wound over 
the entire surface of the rod. The rod was placed 
in a Dewar vessel with windows for excitation of 
the sample under observation. 

For the purpose of cooling the sample prior to 


FIG. 1. Experimental e uipment for obtaining 
thermoluminescence. 1, Sample, in holder; 


2. Windows of the Dewar vessel; 3. Copper 
tube for the thermocouple wires; 4. Thermo- 
couple output; 5. Textolite cover; 6. Metal 
collar; 7. Brass rod; 8. Heater; 9. Dewar 
vessel; 10. Level of liquid nitrogen. 


excitation, liquid nitrogen was poured into the 
Dewar. The measurement of the temperature con- 
trolled luminescence was begun 15 seconds after 
the end of the excitation. The temperature of the 
phosphor was increasing at a steady rate of 0.25 
degree/sec. The curve of variation of temperature 
with time is shown in Fig. 2. 

The described construction of the equipment 
permitted us (1) to change samples without chang- 
ing the fixed position of the phosphor being in- 
vestigated; (2) to excite the phosphor at any 
temperature in the range of - 190° C to +100° C 
and maintain the temperature constant with an 
accuracy of +2° during a 10-15 min interval,and 
(3) to insure a strictly constant rate of heating 
during the experiment. 
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Excitation of the phosphor was made using 
lamp PRK-4 with a filter which transmits a sec- 
tion of the mercury spectrum from A_ |, =436 mu 


to A 4, = 366 mp. Duration of the excitation was 


10 minutes. The radiation of the phosphor was 
measured visually by means of the luminescence 
photometer GOI. 


3. THE ROLE OF ACTIVATORS Cu, Zn AND OXYGEN 
IN THE FORMATION OF ELECTRON LOCALIZATION 
LEVELS 


As pointed out above, it had not been clearly 
established until recently, which of the bands of 
local levels, and to what extent, are formed by 
copper. We have therefore prepared a series of 


samples whose copper concentration varied from 
F107" to 10-3 em/gm and measured their 


curves of temperature luminescence (Fig. 3 ). 

The curves obtained had three basic maxima, 
the mean positions of which correspond to the 
temperatures -120°, -60° and +20° C. It should 
be noted that the maxima in curves | ( T=-120°C) 
and If (7 =-50° C) exhibit a nonsymmetrical 
form, indicating that these bands of local levels 
represent a superposition of several narrower 
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Fic. 2. Variation of the phosphor temperature in time. 
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bands. In further experiments, it was found that 
concentrations of oxygen as well as iron, nickel 
and cobalt produce different effects in the various 
regions of the II maximum. This enabled us to 
divide the region of maximum II into three sec- 
tions bounded by the temperatures from -90° to 
-60°, from -60° to -40° and from -40° to 0° C. 
Figure 3 shows that the introduction of copper 
and the increase of its concentration changes the 
intensity of maxima II (7 =-60° C) and III 
(T = +20° C) and has almost no influence on the 
intensity of the maximum I (7 =-—120°C). 
Figure 4 shows the change in the intensity of 
maxima II and III in relation to the intensity of 
maximum I as a function of copper concentration. 


Relative Intensity of Maxima 


Gu. | MIT og” 179 


Fic. 4. Concentration of Cu in gm/gm. 


The appearance of maximum III with the increase 
of copper concentration, the fact that this maximum 
- reaches a peak at the concentration of about 

15 x 10-4 gm/gm and then completely disappears 
at the concentration of 107? gm/gm, leads to the 
conclusion that the presence of copper is neces- 
sary for the formation of maximum III. This con- 
firms the similar qualitative conclusions made by 
previous investigators /’”. It is possible that, 
besides copper, oxygen also has an influence on 
the formation of maximum III, as recent experi- 
_ments of Hoogenstraten* have shown. However, 
it is not clear from these experiments whether the 
| presence of oxygen is a necessary condition for 

| the formation of band III or only intensifies this 

| band. Further experiments are necessary to 


clarify this point. 
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The change in the maximum III with the in- 
creased concentration of copper is qualitatively 
and quantitatively analogous to the corresponding 
change in intensity of the green emission band 


( era = 530 mp) and the complementary absorption 


of the copper centers2»5, Ag shown in reference 


5, the introduction of copper into zinc sulphide 
leads to the complementary.absorption in the region 
350-450 mp which increases with the increased 
concentration of copper. This is accompanied by 
a simultaneous increase in intensity of the green 
emission band. At copper concentration of 

~ 10-4 gm/gm, the growth of the complementary 
absorption stops and its abrupt decrease begins. 
Simultaneously, the green band decreases in in- 
tensity and at concentrations of ~ 107? completely 
disappears. 

The above analogy indicates that the III band 
of electron localization levels is directly con- 
nected with the copper luminescent centers and 
that its disappearance at concentrations 
~10°32m/gm as well as the disappearance of the 
green emission band and of the complementary ab- 
sorption of copper, is explained by the transition 
of a portion of the copper into a nonluminescent 
state. It follows from this that if copper ceases 
to be the source of luminescent centers, it does 
no longer provide any centers of electron locali- 
zation. 

It is seen from Figs. 3 and 4 that not only 
maximum III but also maximum II increases with 
the increase of copper concentration. Reginning 
with the concentration of 3 x 1074 gm/gm, the in- 
tensity of I] maximum as well as that of the III 
maximum decreases but only up to a certain defi- 
nite value. Further increase in the copper con- 
centration has-practically no effect on the in- 
tensity of the II maximum. Considerable change 
in intensity of the II maximum with change in 
copper concentration indicates that the II maxi- 


mum is connected with the penetration of copper 


into the ZnS lattice. The general increase in in- 
tensity of the II] maximum takes place mainly at 


the expense of the intensity growth in the 
temperature regions of -60° to -40° and from -40° 
to 0° C. It follows, therefore, that these very sec- 
tions of the IJ maximum are connected with the 
presence of copper in the ZnS lattice. The in- 
tensity in the -90° to -60° region of temperature 
changes only slightly with the increase of copper 
concentration. 

The difference in the shapes of the two curves 


5 M. N. Alentsev and A. A. Cherepnev, J. Exper. 
Theoret. Phys. USSR 26, 473 (1954). 
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of Fig. 4 indicates that besides copper, some other 
components of the nonactivated ZnS influence the 
formation of the II maximum. In order to study the 
nature of this maximum more fully, we have pre- 
pared three samples of the ZnS phosphor without 
addition of the copper activator but with different 
degrees of admission of air during the heat treat- 
ment. The curves of the temperature controlled 
luminescence for these samples are shown in Fig. 
5. Increase of air admission corresponds to an in- 
crease in the labeling number on the curves of 


Fig. 5. 
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In all cases, the curves exhibited only maxima 
I and Il. The absence of maximum III confirms the 
conclusion reached above concerning the connec- 
tion of this maximum with the presence of copper in 
the ZnS lattice. These samples had only traces of 
copper. At room temperature, these samples ex- 
hibited a blue phosphorescence of very low per- 
sistence. It is characteristic that the high — 
temperature portion ( from -40° C to 0° C) of the 
II maximum is completely absent in the curves 
under consideration. This indicates that the 
origin of the latter is also connected with the 
presence of copper in the ZnS lattice. 

As seen from Fig. 5, the intensity of the maxi- 
mum II changes considerably depending on the 
conditions of heat treatment. High rate of air ad- 
mission during the heat treatment (curve 3) in- 
creases the intensity of maximum II almost five- 
fold compared with the intensity correspondi ng to 
the heat treatment at the low rate of air admission 
(curve 1). Increased intensity of the II maximum 
is at the expense of growth of intensity in the 
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temperature regions from -90° to -60° and from 
-60° to -40° C due to the increase of the amount 
of oxygen in the ZnS lattice. The conclusion con- 
cerning the possibility of the influence of oxygen 
on the formation of levels of electron localization 
is in agreement with references 3 and 4. 

It was shown above that the origin of the central 
portion of the II maximum (from -60 to -40° C )is 
connected with the presence of copper. Its ex- 
istence in the curve J, Fig. 5, is apparently due 
to traces of copper in the ZnS lattice. Its con- 
siderable growth in intensity with the increase of 
oxygen in the ZnS lattice indicates that the origin 
of this portion of the II maximum is apparently due 
to the combination of oxygen and copper. Con- 


siderable growth in intensity of the low temperature 


portion of the II maximum (from -90° to -60° C) 
with the increase of the oxygen content and the 
fact that an increase of copper concentration has 
almost no effect on the intensity (see Fig. 3), 
lead to the conclusion that the origin of this por- 
tion of the II maximum is due to the presence of 
oxygen in the ZnS lattice. 

We now turn to the discussion of the origin of 
the I maximum. From Figs. 3 and 5, it can be 
seen that neither oxygen nor copper cause the 
formation of the I maximum. The conclusion that 
the nature of maximum I is entirely different from 
that of maxima II and II] is very clearly confirmed 
from the study of influence of the melting proces- 
ses on the formation of the levels of electron 
localization®. On the other hand, it is clear that 
the excess zinc which is the second activator in 
all activated zinc sulphide phosphors, can pro- 


duce levels of electron localization. The presence 


of excess zinc in ZnS phosphors and its role as 
an activator was established by experiments of 
Bundel and Rusanova’ and others. Inasmuch as 
neither the II nor II] maximum is connected with 
the presence of zinc, it is natural to suppose, by 
the process of exclusion, that the only remaining 
maximum(I) is connected with the excess zinc. 
Confirmation of this assumption follows from the 
comparison of the spectra of instantaneous il- 
lumination of ZnS-Cu phosphor samples with the 
curves of the temperature controlled luminescence. 
Fig. 6 contains curves for two samples; the first 
was prepared without alloying; the second with 
the introduction of 25% NaCl. Figure 7 shows the 
luminescence spectra of these samples. These 
figures show that almost complete destruction of 


r 
N. V. Zhukova, Dokl. Akad. Nauk SSSR 85, 981 (1952)! 


UTA aAR Bundel and A. I. Rusanova, Izv. Akad. Nauk 
SSSR, Ser. Fiz. 13, 173 (1949). 
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FIG. 6. Thermoluminescence curves of phosphor samples 
ZnS-Cu 3 x 104 gm/gm. Curve J--without the melt; Curve 2-- 
with 25% NaCl. 
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Fic. 7. Luminescent spectra of samples ZnS-Cu 3 x 10 gm/gm. 
a. Without melt; 6. With 25% NaCl. 


of the green band, there anpe ared a bright light 
is i d with = 460 mp. The work o 
i = This is under- blue band with A, ,, e 

the green band with A, ,, aM 6 eae th Alentsev and Cherepneva® has definitely es- , 
stood since the green ieee = pera ss tablished that this luminescent band belongs only 

SE rane ee excess of zinc. The accompanying pre- 
Pare ‘ d with the wee e of copper to the meee a a ar 
gee connccies Wi P servation and even increase In the a Bie 
in the ZnS lattice. ‘ ; RON To first maximum (Curve 2, Fig. 6 ) indicates that the 

As aresult of the sharp decrease in Intensi) 


maxima II and III carries with it the destruction of 
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first band of levels of electron localization as 
well as the blue luminescent band with ee 


= 460 mp, in all probability, belongs to the same 


centers, i.e., excess zinc. 


4. THE INFLUENCE OF IRON, NICKEL AND COBALT 
ON THE THERMOLUMINESCENCE OF ZnS-Cu 
PHOSPHOR 


In the course of preparation of ZnS-Cu phos- 
phor samples, we have encountered the strong in- 
fluence of iron, nickel and cobalt on the thermo- 
luminescence of the samples being investigated, 
which presented a considerable difficulty. Al- 
though the quenching action of these elements on 
the luminescence of zinc sulphide phosphors has 
long been known, their quenching of thermo- 
luminescence has been very little investigated. 
Neither has the question been cleared up whether 
the quenching action of iron, nickel and cobalt is 
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explained by the decrease (up to complete de- 
struction ) of the possibility of electron locali- 
zation or by the increase in the number of radia- 
tionless transitions associated with the freeing of 
levels. 

In this connection, it was of interest to investi- 
gate how the quenching of the different max- 
imaof thermoluminescence take place. For this 
purpose, we have prepared three series of ZnS-Cu 
phosphor samples with different concentrations of 
Pe, Ni and Co. The curves of thermoluminescence 
of these samples are shown in Figs. 8, 9 and 10. 
They show a considerable reduction in the maxima 
of the curves of thermoluminescence with the in- 
crease in the concentration of iron, nickel and 
cobalt. It is seen from Fig. 10 that, in addition 


to the usual quenching action, cobalt at concen- 
trations of 10°° gm/gm forms new local levels 
which are deeper than all previously existing 
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Thermoluminescence curves of samples of ZnS-Cu phosphor with 
different concentration of iron in gm/gm. 1. 


without Fe; 2, 10-9: 
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FIG. 9. Thermoluminescence curves of samples ZnS-Cu with 


different concentrations of nickel in gm/gm. J. without nickel; 
210. 621078 4 10° 5. 6 10°. 6, 10° 


levels. As ue concentration of cobalt is in- 
creased to 1075 gm/gm, I, II and III maxima are 
completely extinguished and there remains only a 
newly formed maximum at T = 80° C. The ability 
of cobalt to form a new band of localization levels 
was noted in references 4 and 8. 

Into all samples prepared for the investigation 
of the action of iron, nickel and cobalt, 10% molten 
NaCl was introduced at a copper concentration of 
6 x 10-5 gm/gm. This caused a sharp increase of 
the I maximum and therefore maximum II is not 
as pronounced. Nevertheless, the nonsymmetrical 
form of the latter is clearly visible as before. In- 
creased concentration of iron, nickel and cobalt 


8 &. S. Krylova, Dokl. Akad. Nauk SSSR 64, 495 
(1949), 


influenced unequally the regions of the II maxi- 


mum contained in the temperature regions from 
-90° to -60° on one side and from -60° to -40° 


and from -40° to 0° C on the other. 
In Fig. 11 there is shown the change in in- 


tensity of the separate maxima in the curves of 
thermoluminescence as a function of concentra- 


tion of the quenching agents. The changes in the 
maximum II are shown by the curves corresponding 
to the low temperature (-90° to -60° C_) and the 
high temperature (-60° to 0° C) regions of the 
maximum I], 

The following table contains data showing the 
factors of intensity decrease of each maximum in 
the thermoluminescence of the phosphor ZnS, 
Cu6x 10-° gm/gm, 10% NaCl by the introduction 
of one of the investigated quenching agents in 
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TABLE 
we Number and Il 
temperature | ' Il 
| —i20 Low tem- High tem- + 20 
Quenching | perature | perature 
agent portion ! portion 
) ase | 
Fe 1.16 a bee BA 4.20 chet 
Ni 8.6 Wes cee aes) Complete 
Co 43 | 415 2.6 4.7 
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FIG. 10. Thermoluminescence curves of samples ZnS-Cu phosphor 
with different concentrations of cobalt in gm/gm. 1. Without Co; 


2.10). (3) 109. ae 
the quantity of 6 x 10°° gm/gm. (In the case of 
cobalt, the intensity of the II] maximum was taken 
as equal to the intensity at T = + 20° C.) 

The comparison of the quenching of the same 
maximum by different elements shows that for the 
I maximum, as well as for the low temperature 


portion of the II maximum, the strongest quenching 
agent is cobalt, the weakest is iron. For the high 
temperature portion of the IJ maximum and basic 
maximum II, the strongest quenching agent is 
nickel, the weakest is iron. If we compare the 
quenching of different maxima by one and the same 
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Fic. 11. Variation of intensity of the separate maxima in the 


thermoluminescence curves with the change of concentration of 


the quenching agents. O-I maximum; x-II maximum (low tempera- 


ture portion); @ - II] maximum. 


quenching agent, it appears that iron (in concen- portion of the II maximum. In the cases of cobalt 

_ trations of up to 10-° gm/gm) lowers the intensity and nickel, I and the low temperature portion of 

| of Til and of the high temperature portion of Il I] maximum are quenched toa greater extent than 
III and the high temperature portion of [If maximum. 


maxima to a greater degree than it lowers the in- 
“tensity of the I maximum and of the low temperature We have discovered an intersesting phenomenon 
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FIG. 12. Thermoluminescence curves of samples ZnS-Cu phosphor 
with 10% NaCl, with iron and nickel. a. Cu 107° gm/gm, J- without Fe 
and Ni, 2-10°° Fe, 3-107? Ni. b. Cu3X10% gm/gm, 1- without 
Fe and Ni, 2-10°° Fe, 3- 10-7 Ni. 


in 4 samples of ZnS-Cu phosphor when small 
quantities (10-7, 10-© gm/gm) of quenching ele- 
ments were introduced (Fig. 12). Introduction of 
10°© gm/gm of Fe into a sample of phosphor ZnS, 
Cu 3 x 10-4 gm/gm caused a sharp increase ( ap- 
proximately threefold) in intensity of maximum I 
(T =-120° C) and had no effect on the intensity 
of maxima II and III. By the introduction into a 
sample of the same composition of 10°? gm/gm 

Ni instead of Fe, the intensity of maximum I in- 
creased 1.7 times. The effect was repeated, but 
was less pronounced, when the same quantities of 
Fe and Ni were introduced into two other samples 


of ZnS-Cu phosphors of concentration 10-° gm/gm. 


The spectra of these samples have not displayed 


the bands characteristic of F’e and Ni luminescence. 


This led us to believe that Fe and Ni are capa- 


ble of influencing, i.e., increasing, the possi- 
bility of localizing electrons. It is therefore con- 
sidered possible thatthe quenching: of the zinc 
sulphide phosphors by these elements after 
illumination is to be explained by the destruction 
of the phosphor’s ability to localize electrons at 
the levels. The latter conclusion agrees with the 
data in the work of references 9 and 10, where it 
is shown that zinc sulphide phosphors containing 
nickel do not exhibit the existence of localized 
electrons when in a state of excitation. Note 


° G. Garlick and A. Gibson, Proc. Phys. Soc. 
(London ) 60, 574 (1948). 


i C. Bull and D. Mason, J. Opt. Soc. Amer. 10, 718 
(1951), 
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that as shown in Fig. 12, in the case of thermo- 
luminescence of the ZnS phosphor, the transition 
of electrons from shallow to deep levels is in- 
significant. Indeed, the sharp increase in the I 
maximum, and the fact that II and III maxima re- 
main unchanged, contradict the assumption that a 
large number of secondary localizations of elec- 
trons takes place in the process of thermo- 
luminescence. 

A sharp increase in the number of electrons in 
small local levels of the phosphor should have 
caused the growth of maxima II and III, which is 
actually not observed as Fig. 12 shows. 

The expressed statement concerning the un- 
importance of secondary localization in the thermo- 
luminescence of zinc phosphors is also con- 
firmed by the following data. We have con- 
ducted an experiment to investigate the distribution 
of electrons in local levels of ZnS-Cu phosphor ex- 
cited at different temperatures. For this purpose, 
samples were first excited at the temperature of 
liquid nitrogen and, in subsequent experiments, at 
higher temperatures (up to + 20° C), after which 
we have plotted the curves of thermoluminescence. 
The number of electrons stored on the levels of 
any one band at a definite temperature was de- 
termined by planimetric measurement of the area of 
the corresponding maximum, determined by the 
curve of electroluminescence. It was found that 
the number of electrons stored at deep levels is 
20-25% higher at high excitation temperatures 
compared with the number at low excitation 
temperatures. This is explained by the impossi- 
bility of binding electrons to low levels at high 
excitation temperatures and their secondary locali- 
zation at deep levels. It is clear from this that 
if in the process of excitation, when the number of 
electrons in the low local levels is continuously 
being restored, only a small fraction of them 
(20-25% ) undergoes secondary iocalization to 
deeper levels, then in the process of thermo- 
luminescence, when the number of electrons in 
low local levels is not replenished by excitation, 
the number of secondary localizations will be con- 
siderably less than 25%. We are referring to refer- 
ence 11, in which it is shown by use of ZnS-Cu, 
Pb phosphor as an example, that there exists a 
great number of optically freed secondary electron 
localizations, while secondary localizations are 
practically absent in the process of thermo- 
luminescence. 

It can be stated, on the basis of what has been 


ot G. F. Garlick and D. E. Mason, J. Electrochem. 
Soc. 96, 90 (1949). 


presented and as mentioned in the introduction, 
that, with certain approximation, the heights of 
the maxima of the thermoluminescent curves for our 


phosphors, under conditions of our experiments, are pro- 
portional to the number of electron filled levels, 


5. CONCLUSION 


I. The study of the origin of each maximum of 
the thermoluminescence curve for ZnS-Cu phos- 
phor permits the following deductions: 

(1) Maximum I ( 7 = -120° C) is apparently 
conditioned by the presence of excess zinc in the 
ZnS lattice. 

(2) The maximum II (T =-60° C) consists of 
three parts bound by temperatures -90° to -60°, 
-60° to -40° and -40° to 0° C. The origin of 
these parts is connected with the presence in the 
lattice of oxygen, combination of oxygen and cop- 
per, and copper, respectively. 

(3) Maximum III (7 = +20° C) is formed by the 
luminescent centers of copper. 

The existence of the Cu and Zn activators is 
therefore the main cause of giving rise to levels of 
electron localization. In addition, oxygen plays 
an important role in their formation. 

II. The study of the quenching action of iron, 
nickel! and cobalt on the thermoluminescence of 
ZnS-Cu phosphor shows that cobalt exhibits a 
stronger quenching action on low temperature 
maxima than on the high temperature maxima. It 
was established that as a consequence of this 
regular behavior, cobalt in concentrations of 
10°° gm/gm forms a new high temperature maxi- 
mum (7 = +80° C). The differences in the 
quenching of different maxima by nickel are less 
pronounced. Iron, unlike cobalt, quenches high 
temperature maxima more effectively than the low 
temperature maxima. It was established that as a 
consequence of this regular behavior, nickel, 
expecially in small concentrations of 107 =1052 
gm/gm , produces a sharp increase in the in- 
tensity of the low temperature maximum (T= 
- 120° C) while the intensities of the II and III 
maxima remain unchanged. The latter effect indi- 
cates that there were few secondary electron 
localizations under the conditions of our experi- 
ments. 

This investigation was carried out under the 
supervision of Prof. V.L. Levshin to whom the 
author expresses deep gratitude for his continuous 
interest in this work. 
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The differential cross section for the (d, p ) reaction on a heavy nucleus is calculated for 
the case where the effect of the Coulomb field is fundamental in determining the angular 
distribution. The differential cross section over the region of large angles increases with 
increasing angle, while the behavior of the cross section is weakly dependent on the angular 


momentum J, of the state into which the neutron is captured. The tota 


cross section is 


determined and the factor multiplying the exponential is estimated. 


T the present time, the (d, p) reaction has 

been studied in detail mainly on light nuclei, 
where the effect of the Coulomb field of the nu- 
cleus is not very important. In this case, the pro- 
tons which are formed emerge mainly in the forward 
direction and their angular distribution depends 
strongly on the angular momentum / of the state 
into which the neutron is captured. These experi- 
mental data are in good agreement with a formula 
proposed by Rutler‘; however, it is still not 
clear why this agreement occurs, since the ap- 
proximations used by Butler actually correspond 
to the Rorn approximation”, whose applicability to 
the calculation of the (d, p) reaction has no basis 
whatever. 

We shall consider a different case of the (d, p) 
reaction—-on heavy nuclei, for low energy E , of 
the incident deuterons (E, < Zee ), where the 
effect of the Coulomb field of the nucleus is the 
main factor in determining the angular distribution. 
In this case the protons from the (d, p) reaction 
emerge mainly backward, and their angular dis- 
tribution depends weakly on l In our case, the 
whole calculation can be made consistently on the 
basis of the methods of perturbation theory, which 
is known to be applicable for large Z and small 
Ep because of the smallness of the matrix ele- 
ments containing the Coulomb wave functions in 
the repulsive field. 

The total cross section for the (d, p) reaction 
on heavy nuclei (i.e., the Opnenheimer-Phillips 
process ) was calculated by perturbation methods 


1S. T. Butler, Proc. Roy. Soc. (London ) 208A, 559 
(195 1). 


2 E, Gerjuoy, Phys. Rev. 91, 645 (1953). 


in a whole series of older papers* °’’, whose 


authors limited their considerations to just the 

spherically symmetric part of the functions 

wv, (r) and w ()(p), describing the motion (in the 
kg kp 


field of the nucleus) of the incident deuterons 
and emerging protons, with momenta 7k, and 
wk, at infinity. To calculate the angular dis- 


tribution, it is necessary to consider all terms in 


the expansion of these functions in gay 
waves. This is the basic difference between our 


calculations and those of Lifshitz’. 


1, THE AMPLITUDE FOR THE (d, p) REACTION 
The exact value f,, of the amplitude for the re- 


action d + A > B +p is:given by the formula 


for = — LW, te) 9 Vee @ 


Kp 


+ VyI¥E (R, ta,tp)dRdrndep 


(the derivation of this formula by the usual methods 
is given in an Appendix at the end of the paper ). 

: ’ ; : 

Pere ae = bts ik, |) is the interaction energy 
of a neutron and a proton whose coordinates are 

r, andr, Vo= ar R)- Ze*/r, is the energy 


of interaction of the proton with the nucleons of 


SPPABGenue: 
. = ppenheimer and M. Philli 
500 (1935), illips, Phys. Rev. 48, 


4 
H. A. Bethe, Phys. Rev. 53, 39 (1938). 


5 
P. L. Kapur, Proc. Roy. Soc. (London) 163A, 553 
(1937). 


© G. M. Volkoff, Phys. Rev. 57, 866 (1940). 


E. M. Lifshitz, J. Exper. Th t. P 
930 (1938). ip eoret. Phys. USSR 8, 


620 


(D,P) REACTION ON HEAVY NUCLEI 


nucleus A minus the Coulomb energy, R represents 
the collection of coordinates of the nucleons of 
nucleus A, at whose center of mass the origin is 
located, Y,, is the wave function of the final 
nucleus B, vy ce, is the Coulomb wave func- 


tion describing the motion of the proton; as 

r, >, it reduces to a sum of an incident plane 
wave (corresponding to the momentum ak, ) and 
an outgoing spherical wave*. W©*) denotes the 


exact wave function of the system; to go over from 
the exact formula (1) to the formula given by the 
first approximation of perturbation theory, we re- 
place it by the “‘incident’’ wave, i.e., by 


Ba(R) q(t, p)5- 


r= 4/3. (t2+ r,), p= I'n—TPp. 


Here V , is the eigenfunction of the nucleus 4, 
while ¢ _ describes the motion of the deuteron in 


the pure Coulomb field Ze? /T,: 


Zi 2 
- es | 
+[— FV + Veo()| 
—(Ex— <a)| xq (t, p) =0, 


with momentum nk, at infinity (E, =t7h?/4 M, 


€, = 2.23 mev is the binding energy of the deuteron). 
Replacing Ce by WV, Pkg and neglecting in (1) 
the potential Us which differs from zero only for 
c, < 5 --in the interior of the nucleus A, where 
uy and y , are exponentially small (if Z is 


large and E, small ), we obtain f,, > f, where 


1 2M is (ES 
fi=— sage \On(r +409) 6, (2) 


x (ff — 90) Vap (P) Pkg (F 9) dr dp. 


* We always normalize the wave functions of the 
‘Continuous spectrum to unit amplitude at infinity. 
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The function 


®, (fn) = \ (R) Wp (R,r,)dR (3) 


is the wave function of the neutron in the final 

state. This same value of f, can be obtained by 

the standard methods of perturbation theory as the 

matrix element for the transition between the non- 
(-) 

orthogonal states Pa? kg and , wy’. 


In the region of values of r, andr, greater than 


Ry, which is the important region in the integrals 
(1) and (2), ie a sum of an “incident” wave 


Va Pkg and various scattered waves (caused 


solely by nuclear interaction* ), whose amplitude 
decreases exponentially with increasing Z and 


decreasing E,. Therefore, the difference fox 


is smaller [i.e., F.q. (2) is more exact | and the per- 
turbation series converges the more rapidly, the 
larger Z becomes and the smaller E,. 

We express (2) in a form suitable for computation. 
The_regions which are important in the integral 
(2) are r > Ry, and small values p<r,, where r, 
is the range of the potential Vine: i.e., the import- 
ant region is % p <r (r, is always much smaller 
than R,). In this region the variables r and p in 
the equation for Py are separable, and its solu- 


tion to terms of order (p/2r)? < G2 Ne has 
the simple form: Peg = Pa (p) ve (r), where oy 


is the internal wave function of the deuteron: 


ae Tee 5 ea 
a ee HO ae @ SS ley 
ae 0 @ 0 >To 


(Ky = (Me ,)*/%, S mY 34 is a correction factor for 


normalization ) and ae is the solution of the 
equation 


ge: 


2 
(aa + F— Ea) tg = 0, 


* The scattering of the deuteron in the Coulomb 
field is already taken into account in the ‘‘incident”’ 


wave oe Peg? for this reason the word “‘incident”’ is 


given in quotation marks. 
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which, for r >, goes over into a sum of plane and 
spherical outgoing waves. In other words, in the 
region of small p/2r, which is important in the in- 
tegral (2), the polarization of the deuteron by the 
Coulomb field is unimportant*. Substituting this 
value of re in (2), and setting py (r—% p) 


z yo) (r), © (r +46) = ® (r), which are correct 

Pp n n 
up to terms in the squares of the quantities kr, [2 
and K,ro/2(«, =(2M|E, Bye E_ | is the 


neutron binding energy in nucleus B), which are 
small compared to unity **we obtain 


f=2V ##\ orn mar, 
since 


al ZaYLIE ee! EM, 
ae he \ Vup (p) 2a (0) dp = cae 


A formula completely analogous to (4) was ob- 
tained by T.andau and Jifshitz®, in considering the 
(d, np) reaction (breakup of the deuteron in the 
field of the nucleus). In this reaction the final 


* In papers 3-6 the amplitude (2) was written in the 
form 


[= 
bt 


At 2 \ ¥z (R, 8) 
Ven Op) Vn fp R) a(R) Pc, (Fs ¢) dr, dr, 


so that the iaporant regions in the integral are 
r ,7 >R, i.e., P/2=7r. In this region we have 
Ri — 0 Zaep 0 

to take into account the deformation of (~, under the 
influence of the Coulomb field, and OE has a very 
complicated structure; the authors of the papers cited 
limited themselves to the setting up of the spherically 


symmetric part of Pea 


** The linear terms in the expansions of toe (ris Mp) 
2a 5 
and ®, (r =p) in powers of p vanish a 
when we integrate over the direction of p in (2). The 
quadratic terms are small: (kyr o/ Pato E,( mev )/40, 


(K19/2)*~ E. (mev)/40. 


8 L. D. Landau and E. M. Lifshitz, J. Exper. Theoret. 
Phys. USSR 18, 750 (1948), 


state of the neutron is a state of free motion, so 
that Y,, can be represented approximately ® in the 


dk 
n 4 
form WY, | (om)3 etkn'tn i.e., according to (3) 


® (r, ) is a plane wave ~ e'£n™ (if we do not 


take into account the change of the neutron wave 
function under the action of the nuclear force field, 
which is actually not small ). 


2. THE NEUTRON WAVE FUNCTION ®, (r) 


In the region r > Ry, which is important in (4), 
the function ® (r) of Fq. (3) satisfies the equation: 


_ (h?/2M) VW-O7 — E,®x, 


where FE =W, — W, is the binding energy of the 
neutron in nucleus B (W, and W, are the energies 


of nuclei B and A), and in accordance with the 
transformation properties of We, and v under ro- 


tation and inversion of the coordinate axes, has 
the form: 


Da(r, En) (5) 
JatJB ; 
JBMB Inn 
= > Cram, intn > Csi op LnmnXsp 
in=lJa—/B | On=t'ls 


x on (En) Oj ,1,m, (0), 


Uy, («,7) aes 
;, lyMn (r) = Nin ly = pa ie Yi my (99), 


‘a (i, +y)! 4 


Ul > v! (Ly = VY)! (x, 
v=0 


[From now on we write ® (r) as ® (r, on ), i.e., Wee 


include the neutron spin variable. ] Here J4M,, 
JM, are the angular momenta of nuclei A and B, ) 


Int,» 4m, ands, =%, o, are the quantum numbers 
of the total, orbital and spin angular momenta of 
the neutron (for given Tes L. is ie + % or i Ye, de- 
pending on the parity of VY, and Ena ett ; 
Jip2he 
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are the Clebsch-Gordon coefficients, Xs,¢ isthe 
4/h 
=—ik, ain for 


spin function of the neutron, kK, 


for Bre <0 and K, 


ee |). 1; ln in (5) is a constant depending on the 


structure of the nucleus. It can be estimated most 
simply as follows. “Ye first consider those levels 
of nucleus B for which the neutron energy Eis 
positive. If the function (5) is properly normal- 
ized (in accordance with the normalization of bee 


so that the integral of Rae |? over the interior 
the nucleus is unity ) the taal radial flux of neu- 
trons is 


hk, 4 E 
WM B,t1 2 \Ir®, (r) Po dO 


MaMpB 
hk 
a SS | 1; I fe 
M in Intn 


and is equal to the neutron width Dik 
== " VD, 1,/ Thus, 


J 


15.0, 1° = (M/k) U5 1, 


We know? that 
Di kn 


= 2knRo | i pal iknRo) el haiRs ee [— fin tn (We))*, 


where the function in the square brackets depends 
on the nuclear structure (W, is the energy of 
nucleus 8). In order to estimate it, we We 
the special case j, = Ys, lL =9, when? be 


= ( 1/27)(E/Eo)* Dy AW, ), where D is ie 


level spacing and E, ~ 0.7 mev. Comparing this 


value with the general expression given above, and 


setting ht / V 2ME, = fy of Ka { where fy r 


=(e,/ ae ye ~ 1.25] for convenience in writing, 


we have: 


eH. Feshbach, D. R. Peaslee and V. F. Weisskopf, 
Phys. Rev. 71, 145 (1947). 


oa A. I. Akhiezer and [. Ia. Pomeranchuk, Some Prob- 
lems of Nuclear Theory, GITTL, 1950. 
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(= Fio(Wa)I* = 2° Dy (We). 


We keep this same estimate for L, #0, setting 


nbn 
— fint, (Wa)? = : ; D;,1,(Wa), 


2x 


where gia is a constant of the order of unity. 
Then 
slo ly (6a) 
A, 5, lL, 
== 2mx4 | Y,,, (— ik, Ry) exp {ik Ro} |? 15, ly (Ws), 
2 = apie =k Sea 
[inte P= Vie,E, 
D; tn ( Ws) 
Xlu, (— iRnRo) exp {iRnRo} |" peer 3 


Thus, the condition that the integral of |, 2 


over the interior of the nucleus be equal to unity 


determines I"; lp |? as an analytic function of the 


neutron energy De The form of this function does 


not change when we go from levels of nucleus B 
with es > 0 to levels with EW <0; when this is 
done ne must write K_ in place ae -ik, on the 
right-hand side of (6a)*: 


Sin Inka (6b) 


|", ln ? ae on 


Formulas (5)-(6) completely determine ®, (r) over 
the region which is important in the integral (4). 


* This same value (6b) can be gotten directly from 


the condition that the integral of es \2 over the in- 
terior of the nucleus be equal to unity. We emphasize 
once more that the constants Ky and €, of the theory of 


the deuteron are introduced here only for convenience 
in writing the formulas. 
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3. THE DIFFERENTIAL CROSS SECTION 


Since the spin of the neutron was included in (5) 
to make our formulas precise, we shall give the 
expression (4) for the amplitude including the 
spins of all the particles: 


fra V Bet (5 (8, &) HS” (0-2 pep (E> 


Vig (r) saog (5,6) )ar, 


where Xen. and X, 04 are the spin functions of 


the proton and deuteron (s, =, Sy= 1). Sub- 
stituting QD. from (5), we express the differential 
cross ection for the (d, p) reaction 


pe ep 


Gg + NCA +1) mao, Mpo, 


VU 
[fal Ze 4p, 


(ce _ 72) 
Uq a 
in the form 
2Jp+1 (7) 
as.as 2 (2/4 +1) Din AF in ty 
Ln 
do; pr noel Abe (1) 9. a2 qe dQ, 
tate eT Dy (Fit On) PEO 
ye my=—l, 
2b Xa (8) 
ee (9p) = V & Nin Ln 


x \ un, (ar) e""” Yi my (2) Ye” (1) Peg (1) = - 


Fere we have made use of the facts that 


2 \> As, (XSponXSpop> Xsgog) ? = a 7 DAs? , 
Dodi 
Ww 7am JBMB 2Jp+1 ~ 
Za JAM a inh DO oa sr mami I Ee fy 
(Mp—M a=p,,) AMEE eT OMG ape ced, pratense 
Sy nb i 27,+14 
: Inn +I nb if 
Cc. Sie re © ES eel 0 
’ SAOr ue. —— ae RS 
(+y—o=m n) le asta 2al,+4 lnly 
The A, are arbitrary quantities: a 
te (H,-o =m ) 
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denotes summation over all values of », and o, for 


which , —@, =m,, where m, is fixed. We note 


that formulas (7)-(8) correspond to the formulas of 
Rutler. 

We omit from the integral (8) the region of in- 
tegration r < Ry, which is unimportant in the case 
we are considering, and set: 

(1) PE. (8a) 


Lymp — 


A ®;, Lymn (r) vk (r) VKy (r) dr. 
(r>Ro) 


For large Z, (8a) practically coincides with (8); on 
the other hand, if we formally set Z = 0 in (8a), so 


that w& uy ae =expti(k, - k,) ‘rf, then (8a) and 
(5) give eal result: 


CI) ties cae aS “Ro Yi yal?) 
We re at 38 + ak — eg)? 


en") 


fa dG, (qr) %,, (%,r) ont 
dr if T= Re 


Pus («,,7) 
«[G,.(ang( 


where q 4k, - k, | Cra(x) = Vi/ 2x Jy Mae Ji 4y 
is a Ressel function. 

Thus (8a) is an interpolation formula, correct 
for large Z and reducing to Rulter’s formula in the 
limit Z > 0. In the following we shall limit our- 
selves to the case of large Z and shall use (8) 
rather than (8a), with the value of ® given by 
(5) even for r < ines since it is Ore’ convenient to 
calculate the integral over the whole space. Thus 


the results which we shall obtain do not reduce to 
Rutler’s for Z > 0. 


4. ANGULAR DISTRIBUTION 


In the quasiclassical case which we are con- 
sidering, when Z is large and E, small, and 


og = Le2/ hoy 7 al. Oh = Ze*/th Up > 1(v, 
=v 2E,/M, v,= VE,/M ), the angular distribution 


and the variation of the cross section with energy 
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depend weakly on. In fact, in this case the 
factor 


ery” (Fr) be CC) 
= exp {— x,ar + In [vip Picgl} 


in the integral (8) varies exponentially as a func- 
tion of r. 

The value of the integral of such a rapidly vary- 
ing function is determined by its value in the 
neighborhood of the saddle point tare Bi FP} ), at 
which F(r) =—« r+In yp yy] is an extremum. 
Therefore, the slowly varying spherical functions in 
(8) can be evaluated at 3 = 9 1 and y= ¢, and removed from 
the integral; if* xr, >1, (J, +1)/2 then the func- 
tion a= bes LAL + 1)/ 2K T+ . in the re- 
maining integral can be replaced by its asymptotic 
value v, ~1. This gives 

n 


(1) 


Lymn. 


(9) 
= V 2axa/77;,, i V4e Yizmn (1 91) Lo (Fp): 


1 er (=)* 
Lo (%p) = a \ oY” (r) deg (r)£. 


Substituting es in (7) and using the fact that 
non 


An a 
a + | DS 


~ 


bie Ce; o,) |7= 1, we get 
nen 


* This condition is almost always fulfilled if /, is 


not very large and [z, | is not very small. For an 
estimate, we can use the value 7; = Ze?/[E, + V2 | 


— Vew)?), which was gotten! in calculating an integral 


of the type of (9) by the saddle-point method. Then 


Vi22 16,1 


x0 = 0,152 ——____—__—— 
2 E,+V2|E,1—Vey? 


e, /M 
(45=5V 7) 


which, for heavy nuclei, gives a value of about ten for 


ae Py: 
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2k 
A5},1, = Aj,1,%2,| Ly (Bp) la aQ,. (10) 


Here a; | denotes a dimensionless constant, 


independent of band £, and equal, according 
to (6a, b), to: 


, 2 
a; —— 264! "in tn P 1) 
nen oe 
ioe, Spe ly E >0 
= | se V ee : 
| eatin, ln a Ln (Wp) xP {2x,Ro} 
ee eg ip ao Ie dee 


Thus only the absolute value of the cross section 
depends on J, and not its variation with angle 
and energy. 

After substituting in (9) the exact values of the 
Coulomb functions: 


Vag = V Qrag exp {— nag + ik, -r} F(— ta, 
Li(kar—=k, <0), 


Yep” = V Bray exp {— nap —ih +r | F(— itp, 
1, ¢ (ker +k, -r)) 


the integral can be computed exactly (similar in- 
tegrals were evaluated by Sommerfeld!'»!?), The 
details are given in the Appendix, where it is shown 
that 


2 exp {— = (ag + &p)} 


I 


(x, —ik, + ky |? F(—ia,, —ia,, 1, —%) 
x a ae te ee Yo an 
x, + (Rg —k,)? {+6 


[ (x, — thy)? + 2% 
#3 | x2 + (ky—k,) 


The argument ¢ of the hypergeometric function de- 
pends on the angle 3, between k, and k,: 


owe Sommerfeld, Atombau und Spectrallinien IIB., 
Braunschweig, 1939. 


12 4. Sommerfeld, Ann. d. Physik 11, 257 (1931). 
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Lie Rk 
Wa 
dest antre nied aa ee 
(Rg Pp) SLAs 
AV 2E (Eq + Q) 


(¥2E,—VE, + Q)? +E, 


— €, is the Q of the re- 
n 


is real, so that the 


where ay ea aad 
For E <0, Kk 


quantities in square brackets in /)( o,) are 
complex: 


action. 


(Xn a tka)” + ky = ae — << m= Rp) 


- —i (r—¢@,) 
—_ Vikan ie i (T—@,) : 


ese ag tRp)* + ki = (ka == “a = kp) 


. —ip 
— 2iR Xn = Co€ ‘ Pa 


where c, and c, are the moduli of the complex 


quantities, and the phases are determined ( for 
E <0) by the equations: 


ence oe EE ett 
eee Ey beg Ale 
ON og<%, 
op ll a a, all at NL 
PR ee E,t+e, ¥ 
Tv 
0O<9,< =: 


According to (12a), the angles ¢, and %, RO to 


zero for |E | + 0, and obviously remain equal to 
zero for any E > 0, when K,=7 ik, is a pure 
imaginary number: 

£,>9, %%=9%, =. (12b) 


We can therefore write, for E> 9 and fe <0: 


4nV rx 4 
| fo (%)| = G8, + xl exp {— (“apa — X&pPp)} 
x 2 PRESS in, ,1,—2%) 


Faeees 
Dae 


(cf. the Appendix ). 
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or, according to (10): 


2., 2 
8r2x 7H, 


a (13) 
‘nim kg — hp? + iF 


d3j,1, 


x exp {— 2 (xapa — %pop)} N (0) dQ,, 


where the function 


e “pF (ia,, ia 


Se dee Ori 
1+E 


N (6) = Qe (14) 


determines the dependence of the cross section on 
dp: In the case we are considering, when 

Oye ly, OFT. zal, the hypergeometric function has 
the following asymptotic value: 

(15) 


| F (iag, t%p, 1, —€)P 


— Ae exp{2ra, + 2 (aghg — &pbp) } 
erage V (doit) — (1— e)? 


the derivation of which is given in the Appendix. 
The angles yj, and W, are defined by the equations 


ee ee (16) 

COS SES 

ba Vite ’ O<ba<rt, 
1—p)t—2 16 

cos | ae 0<b,< 7, ( a) 


where p=a,/ ag =k / 2k, = (Ey /2E )* Phe 


equality (15) is valid for not too small G-roughly 
speaking, until €~ 1/ a 43 more precisely, for 


C> €% where 


(a> = ee ee 
Tot V (4%a%p/C') — (%q — &p)® = min tet, ee 


\ 
oS 


If €>0, then UP Cette: 
1,-—¢)/(1+2)|> 1. Therefore: 


p’ 
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S(1+0) V (49/0) — (7 — op] hes 
No it p (1 —p)"]*exp (2 (aaba—ap,)}, if t 
(0) Dearie ive) ant t 0, Aida tpt eat Ce (17) 
or 
Graphs of the functions L (¢) and M_(Z) are 
= p p 
: N(Q= EXP {xaLlp (C)} / M, (6), (18) shown in Fig. 1.As we see from the figure, LA(S) 
_" increases with increasing ¢[ reaching zero for 
Lo (6) = 2 (ba—'ppp), L3(0) =—2ap, = 4p/(1—p)?, while ¢, < 4p/(1- p)? through- 


M, (0) = oun 0) (49/0 — (=p? out]. This increase causes an exponential in- 


crease in V (7), i.e., in the cross section, with 
M,z (0) = 1/2xag. increasing ae 


= 


\ 
\\Ip 
Hitt 


i \\ 
\\\ 
seca 
— 
oe 


PICs 1 


7 —~, 1S approximately a Gaussian. This can be 
Retetinnction ¥(C) tea maxsium for 9 = seen by expanding L,(¢) in series in powers of 
e tu Deen? 2 2 : 
= 53 for small 7 — 0,» its dependence on Oo -¢€= Ge cos* ( d,/2) = Ctr a) /4: 
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x 
Le) = Lo)— za peo —9 4° 


es y (4e/G)) — (1 — e}? 


(since (= ae 1+ % : 


Teel Se x 
vs ual @ PS. 0)? = = ) and neglecting 


the change of the factor M,(€) outside of the ex- 
ponential in (18). We then get: 


N (6) = Aexp {— (= — 9p)"8 7}, 
cr—%,< l, 


1g Cm 


J0° 50° 150° 


Fic. 2.1—E,=—2, 
mev; J-E,=1, 4—E,=0, 5—E, = —2, 
E=4 mev;6— E,=0, E=6 mev;7—En= 
I—E, =—4, E=4 
mev; lIO0—E,=0, 11— E,=—2, 
—4E=6 mev | 


n 


=0, 8—E, =—2, 


12—E, = 


5. TOTAL CROSS SECTION 


In order to calculate the total cross section, we 
integrate (13) over § 3 noting that dQ, 


=(47/ GGldic. we get the integral: 


where 


_ V2Eg+ VEZ FOr+Q+e4 
a a ey Ga ee > 


The width 65 of the angular distribution is smaller, 
the larger Z and the smaller FE ,, and the higher the 
nuclear level into which the neutron is captured 
(i.e., the smaller Q). This conclusion also fol- 
lows from consideration of the angular distribution 
curves of Fig. 2 for various cases (the curves are 
drawn on a logarithmic scale ). 


2— Ee —4, = . 


a 


¥ 


\ N (0) dQ, = = ( N(t)at | 
0 


Co 
4m exp {a,L, (S)} at 


— — 
’ 


aca +OY Sa —ep 
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in which, because of the decrease of () with 
increasing ¢, — ¢, the valuesof € near to Co are 
important. Therefore, as before, we expand L_ (é) 
in powers of x = C, — Cand extend the x integration 
to infinity. This gives 


\ Vda, 


oom: UF a eee 
kara 


2 
exp {aalp (Cy)} 


(the factor in front of the exponential was taken 
outside the integral and evaluated at C= a): 
According to (13) we then have: 


E,>0{ 


These formulas can also be written in the following 
form oo 2 0): 


P64, £,) = 2re{y/ 2 are tg VE 
d 


In this form, O(E,, E) coincides with the ex- 
pression obtained by Lifshitz’. It is not diffienlt 
to see that the initial formula of his OUT 
can be gotten from (8) and (9), if instead of w k, 


7, = 
'g z = (V2]E,| —Vea) Ea", 


Ve 2E, Fea Vea 
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in 7 es 20° Aj, 1g? exp i pD (Ea, En)}, (19) 

B® (Ea, Ey) i (%a9¢ — hp’ n) — agLl (So) 
= 2 [aa (Pa — 9) — a (Pp — 9)] 


ike = Bry ee O. =BvVe,/2E, ys yo) 
and w p are the angles (16) for ¢ = ¢ : Writing 


® (Ea, E;.) — Nd V 4¢a / Ea— NpV 224 | i, (20a) 


and using (12a, b )-(16), we express Na = %-¥ (9) 


and Nog Vp as ya directly in terms of E,andE: 


te qa = V 2E zea | [En — (Ec + Q)), —z& <a <0, 
te Wp =2V2 (Es t+ Q)ea/ [En — (Ea + Q) —2e4], —7§< <0, 


(20b) 


and W, , we substitute the spherically symmetric 
parts of those functions in the quasiclassical ap- 
proximation, and apply the saddle-point method to 


evaluate the integral 


\ exe {—svm| | V20= 20% 
0 Eq 


to which (9) then reduces. (x and y are reciprocal 
tor: x =Ze2/r.) 
Figure 3 shows curves of the dependence of 


P(E, Hi) on ( ey ne for the values of 
CEL €,) % marked on the individual curves. The 
curves were constructed for the region L <0, and 


their behavior agrees with the analysis of the be- 
havior of the functions ®(E,, E ) which was given 


by Lifshitz. 
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Substituting (11) in (19), we write the total cross section in the form: 
ee Nee ME oh pies aaah 
we ae B®,(Ea, E,)} (Es 0) 


Fin by = 


9.26 D 
| 2GEgl Uy, aR) 2 


where B®, =B®- 2X_ Ro, i-e., Py = 
-yV 8, |E,|/B, B= Ze”/R, is the height of the 


Coulomb barrier. 
Finally, we calculate the overall cross section 


2Jp +1 
a spele tla aed 
2(2J, +1) In“In'n 


ie} 
tot 


(22) 


(summed over all levels of nucleus B with EF, < 0) 
for capture of the neutron into any level with 


| TE ae pt in ly (Ma) 


exp {— B®, (Ea, En)} (En <9); 


£0 of a heavy nucleus, whose levels are 
distributed in the region FE, ~ 0. [Capture in a 
level with LE > 0 would actually lead to the 

(d, np) reaction. | Then in the summation in (22) 
we need only include lexg.° with | = 0, i.e, 

Pe iy +, since e? *1 drops rapidly* with in- 


creasing |E_ | so that only levels with small 


* We should keep in mind the case when (Tipesve 


> 1.8, where, according to Fig. 3, ® increases approxi- 
mately linearly with increasing |E, te 
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|Z, | are important in the summation, while for 
small |F |, the quantity lo) (k R,)\ -2 is pro- 
portional to Es . Going over eon a summation 


over levels to an integration [the sum over levels 


0 
rE? 


1 TE Eo 
2ac2, 


Stot 
0 


|E° | is the binding energy of the neutron in the 
ground state of nucleus 8. The integral can be 


A, (Ez, En) = 80 (Ea, 0+ VB 


[according to (20a, b),(0®/d|E,, ? eee 
= Vv 8e,/ (E, + €,)] and extending the integration 


me ae1) 0 Eo 


Stot 


where, according to formulas given earlier, 


a|E,| 
| exp{—B®, (Ba, En)} 


Ey Eg+e,g 12 
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is equal to fd|E|/D(W,)], and using the fact 
that on the average 2J/, +1=2/, + 1(if J 

=J, +2), we get from (21): 


(23a) 


calculated approximately, by expanding (EE, ) 


in powers of | EF , [#4 


§ B—E, 
—— | 2 


, 1 . Chan 
over |E \* to infinity. We obtain 


exp {— p® (Ea, 0)}, (23b) 


® (Ex, ety Ve wey #) 


6. THE REGION OF VALIDITY OF THE CALCULATION 


We must emphasize that the region of appli- 
cability of formulas (18)-(23) is very limited. The 
fundamental reason for this is related to our 
having neglected all terms Af proportional to the 


(-)* 


value of Wy Ys in the region inside the 


-nucleus* compared to the amplitude f, given by 


formulas (4)-(8). According to (13), f, is pro- 
porportional to the exponential 


yin Th, 


exp {5 ® (Ey, Ex) — ae 


* In particular, we substituted into (8) the incorrect 
value (5) for 2. in the regionr <Rp. If the correct 
value is substituted, the region inside the nucleus 
automatically gives a small contribution to the integral 
(8), because of the rapid oscillation or the damping of 


®. in this region. 


while we have ee, terms corresponding to the 
value of v” Yo for r = R,, which in the 


manic acid approximation (if we consider 
only S-waves ) is determined by the exponential 


exp{— ah Bo, (Ea, En}; 


0,=2V (r (a) + perl} 


+(x) =Vxarccos Vx —VY1—x. 


If we assume (as is verified by calculation) that 
the factors in front of the exponentials in Af and 
f, are of the same order, then we find that neg- 
lecting Af compared to f, is permissible if 


(24) 
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This condition severely limits the values of Z, E , 
and y_. It is well satisfied only for heavy nuclei 
(Zi 50), for E, <B, and under conditions where 


the angle 3, is not small. Thus, even for heavy 


nuclei, formulas (17)-(18) give the proton angular 
distribution correctly only in the region of large 
values of 3. This significantly decreases the 


reliability of the data given in Sec. 5 on total 
cross sections; for more accurate calculations, we 
would have to start not from (8), but from (8b), 
where the region inside the nucleus is taken into 
‘account completely. 

- The author expresses his thanks to Academician 
I. D. Landau for discussion and many valuable 
comments. The present calculation was carried 
out in 1951, in connection with experimental work 
of Academician P. I. Lukirskii and Prof. Iu. A. 


Nemilov. 


APPENDIX 
I. DERIVATION OF FORMULA (1) FOR f= 


We multiply both sides of the Schrodinger e qua- 
tion: 


h? kh? “ 
{aa Vint [— FG 0%, + Valte R) + Ha (RI 
+ V, (tp, R) 


+ Vnp(|fa—tp|)} Wag” = (Ep + Wa) Pez 


Ck, (R) is the Familtonian of nucleus A, E, +¥ 
=E,-€,+W, | by Wye (R, r,) and integrate over 


Randr,. This gives: 


f2 
[— sa Vip — £0] F (eo) (a) 
pie \ V5 Vote Viol Yao ade dy, 


where the function 


F(t) = \¥5(R, ta) BAG? (Ry tes Pe)dR ad 
for Pe SH00 has the form LAT) ~ rlfee exp} i(k or, 
ae In 2k oT )} {the outgoing wave is distorted 


by the Coulomb field, since the potential on the 
right side of (a) drops like Vr, as 7, > 0 ]. Be 


consider an equation of somewhat more general 


form than (a), which we get if we add to both sides 


of (a) the term Vers BGs) ok (age Ve ae 


x dRdr,, where ye) is an arbitrary function 
which goes over into Ze is for T, > co 
2M , 70 
[ Vip Ge Vo + #5] F (ry) (b) 
2M * / ex 
= $2) ¥aVap+ Vol Pag? dR ati 


0 , 
Pere es = Ven & ae as Tr, > &, Ve drops faster 


than 1/ ro 
To solve Eq. (b), we note that the function 


G (tp tp) = kp Dy Hig (rp) YVigmp Sp» %) 


Ip™ p 
x L1, (rp) Yi omy (9p, ®p)s p> ie 


(with a similar definition for is & ibe with the 
coordinates re and oe interchanged on the right 


side ), satisfies the equation 


[v2,— 2MBV2 + 2] G (tp, tp) =3 (tp — 14) 


and, for r,> %, has the form 


G (Fp, ee = exp {i (Rp p — %pln 2Rprp)} (c) 


eke . 3 
x » exp ee + inigh Lig (rp) 


lpmp 
= (1/4nrp) exp {ikprp — Xp In 2kprp)} Yeo” (rp). 


Herel, (7, ) ieee 3%, ) is the solution, which 


remains finite for n> 0, of the equation 
[vi.— 2Mh*V> Stee | Li, (rp) Yipmp(p ®p) (d) 
= Q, 


so that 
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Li, (rp) = (RpFp) 4 sin (eorp — ae + Nt, — %p In Dorp) if pov; 
x, (r,) aa! 3» %,) is the other solution (singular for r, » 9) of the same equation, so 
Hy (ro) =Ahorp) exp {i (orp ——2- + tip — apn Qhtprp)h, if Fp 00. 
Finally, Va 
icp (rs) =4n pa exp — inp} Li,(rp) Yipmy (95, 9) Yipmp (Sp, Pp) 
p ™p 

is the solution of the same equation (d), which spherical wave distorted by the Coulomb field. 
for r > « becomes a sum of a plane wave (with It is clear that the required solution of Eq. (b) has 


: the form: 
wave vector k, = kT» pri) and an outgoing 


F (tp) = —\G (tp, £5) 2Mb-* | V5 (R, tr) Vag (lta — tp) 
+ Vp (rp, R)I LES (R, ta, Pp) ER dtp} dry. 


For l > co, ir according to (c) has the form Il. CALCULATION OF THE INTEGRAL Ig ( a, Me 


of an outgoing wave, while (c) gives the value of (Cf. REFS. 11, 12) 
the amplitude ie which appears on the right of 


BEM an the body of the paper. For the special, Ve substitute into the integral (9) given in the text 


0_ 7,2 the expressions for the Coulomb functions, where 
choice ; A 2 : Vy Bae se -<alze SS - Ze® we use for the hypergeometric function See y; 2) 
given in the text. =e Fy — a, y, — z) the representation 
age 
ea lr (y) gll—*)/2 ez ( utra-a bt en (2 Y zu) e—* du. (e) 
PG ae) ya) 3 ; 
This gives: 
Vira a, exp {—n(a, + a,)} a oes Eo 4 
pe A EE TA hd (ap ou (f) 
ie(es) = P(-pi,)P C+ lag) iB e ae Pe-“du X (u, V), 
Keo) = \exp(— [xn + i (Ra + Rp) 7} Jo(2V thao) ly (2V ikps a) 
| Bere. =r—r°k,/k,, €= rer k7/ ky (or Ge COS-(u,/ 2) 4st (vp) 2) 


fy =r—r'k,/k,. &’=rt+r'k,/k, ) are parabolic > 
Beordinates, + 2V/exc0s (%p/2)sin (%p/2)cos 9, 
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where cos Ce k, : kg/h oka pis the angle be- 
tween the planes of the vectors k,, k, andk,, r 


The calculation of X(, v) is conveniently done 
in the parabolic coordinates € 7, @% in which 


r=4(&+n), dr = ard Edndg/27-2(ik,u Ee 
=(07+.p° —2op'cos (7r-))%, where 0 
= 2 (ik, éu)* cos ( 3/2), = 2(ik,un)* 


x sin ( o,/2). According to the addition theorem: 


o(2V ikput’) = > Jn(s) Jn(p) e ™—*), 


N= -0O 


so that the integration over yin X(u, v) gives 
simply 


2m 


\ Jo(2V ikpus') dg | 2x = Jo(s) Jo (0); 


0 


fromwhich X (u, v) = «gi Ja, 


where 
Si =\ ey (2) di 
0 


= (iPayexp = i— Ea! come ae 


Tu =\e-**Jo (0) Jo(2V thave) dx 


4 Ry a Rqv \ 
=, exp \— 1— sin? —— — 7 — 
2VR_k uv s 
«1 (2 one), 


and a=%*(k, — i(k, +k,)l. 


we have used the general formula: 


In this integration 


\ ea4] , (at's) Sm (Puls) du 
0 


perk 
Soe +8 HE a8 F 


cia 


Thus 
X (u, v) = exp {—i(kpu + kav) / a} 


J oon 
x Jo(= V kpkauv sin 5). 


Substituting this value in (f), keeping in mind 
Eq. (e), and noting that 


F (o8yz) = 


1 Cc 
> | eeu FG, 7, uz) du, 
0 


Io (%p) = nile Veta (a jou 


>< F (ieg + 1,iet, + 1,1, a 


RR .° 

d™p oie 

whereCl — Gia p Cy sin? —2 
+ kg) (a + tk,) 2 n pr 


Substituting the value 


Fags) b taps ieee) 
= (1+ 0) ee F (— jag, — inp, 1, ae 


we then have: 


a ee exp{—n(a, + a,)} 


$.)= 
fo (8p) (a + ik,) (a +ik,) 


x ( 7 \s 
(a + ik,) (1 +0) 


¢(— 2 2 PE ing — et 
\ (a+ ikp) (A +8) ) the 


After some elementary transformations, one gets 
from this to the value given in the text. 
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Ill. THE ASYMPTOTIC FORM OF 
|FGia, ia, 1.-O |? FORG,>1 


For hs > 1, the contour integral 


F (iag, iXp, i — C) 


hes Wa 4p —ia du 
Sa \(G=7) po ce) ay 


= \ exp (ap (u)} te 
c TLL 


(where the contour C encircles the points + 1 and 
— 1 on the real axis) can be evaluated by the 
saddle-point method; the result, according to 
Sommerfeld!}, is 


| F(iaa, ixp, 1,—P (g) 


= | exp {agp (t49)} (Qmaa | 29 | Uo)! |?, 


where 


e(u) =ilnue(ua—1)-°(1+Su)4, p= ap/ a; 
oes £—(1—p) is the 


solution of the equationy’(u,) = 0, 
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2lig —— (1 — p) 


Ceti ae. 
| go] —=1¢" (ue) | | ane 


_ CVG —t— er 
e(f+0 


[in the last equation we use the fact that 

Cate ok Pee Sr ate Pea —p(u,+¢-1)?| 
=p(1+¢)C-7]. It is assumed throughout that 

p <1, but since a ote. tO» 1, — €) is symmetric 
in Oy and OL» the final formula is also valid for 


p> 1. Substituting the values of fo 


and Uy in 


(g), and using [uo |? = p/¢ and 


ag [p (Uo) + ¢° (Uo)] = 27%p +2 (aa'Pa — %p'bp), 


where W, and v, are the angles defined in (16), we 
obtain for [ hae io, 1; = €) 2 the value (15) 


given in the text. The saddle-point method is 
applicable if 


., | © | = & [(aa%p / 6) 
— (%p —aa)?]"*/p(1 +5) > 1. 
This condition limits the values of€ to those 
satisfying the inequality ¢ > C’ given in the text. 


Translated by M. Hamermesh 
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The magnetic properties of electrons in a metal are investigated for the case of an 
arbitrary dispersion law. The energy levels are found for a quasi-particle under an 
arbitrary dispersion law in a magnetic field, and the magnetic moment of a gas of such 
quasi-particles is computed, spin paramagnetism being taken into account. It is shown 
that the periods and amplitudes of the oscillations are determined by the form of the Fermi 
boundary surface. Knowledge of these quantities permits one to reconstruct the form of the 
Fermi surface and the values of thevelocities upon it. 


——— 


INTRODUCTION 


HE question of the electron energy spectrum is 

of central importance in the construction of a 
quantum theory of metals. There is every reason 
to suppose that the electron spectrum for metals is 
of the Fermi type. This implies that at low 
temperatures the electrons in the metal, interacting 
with one another and with the lattice, may be 
replaced for thermodynamic purposes by an ideal 
Fermi gas of charged particles following some 


dispersion law E=€ (p> Py> p,)- The majority 

of the thermodynamic and kinetic properties of a 
degenerate Fermi gas, however, are highly 
insensitive to the dispersion law, as a consequence 
of which their investigation does not permit one to 
draw any conclusions concerning the form of the 
law. 

Substantially different in this respect is the 
behavior of certain magnetic properties of metals 
— in particular, oscillations of the magnetic 
susceptibility - which, it appears, depend strongly 
upon the electron energy spectrum and may serve 
to distinguish it cele 

The periodic dependence of the magnetic 
susceptibility upon the field at low temperatures 
(the De Hass - Van Alphen effect) has by now 
been observed for a large number of metals (Bi, 


Sb, Hg, Zn, Cd, Be, C, Mg, Ga, In, Sn, TI, Al)! 


and may be regarded as a property common to all 
metals. At the same time, the quantitative theory 
of this phenomenon had until recently been worked 


1 B. Verkin, B. Lazarev, N. Rudenko, J. Exper. 
Theoret. Phys. USSR 20, 93, 995 (1950); 21, 658(1951); 
Dokl. Akad. Nauk SSSR 80, 45 (1951); the cellection 
“In Memory of Sergei Ivanovich Vavilov’’, Acad. Sci. 
USSR Press, 1952. B.Verkin, Dokl. Akad. Nauk SSSR 
81, 529 (1951); B. Verkin, I. Mikhailov, J. Exper. 
Theoret. Phys. USSR 24, 324 (1953); 25, 471 (1953). 


out only for the case of an electron gas following 
a quadratic dispersion law 

The quadratic dispersion law is correct for an 
electron in a metal only in the lower part of the 
appropriate energy zone, and may be used to 
investigate the magnetic properties of metals 
having a small number of conduction electrons 
(such as Bi). In general, however, there is no 
justification for the use of a quadratic dispersion 
law, as a consequence of which itis essential 
to determine to just what extent the peculiarities 
of the effect are to be attributed to the electronic 
dispersion law. Certain qualitative considerations 
associated with this circumstance have been 
presented earlier by Onsager3. A qualitative 
theory has been offered in a paper by the present 
authors?. 

The present article contains a detailed presenta- 
tion of the results published earlier in the brief 
communication‘, with, in addition. a treatment of 
the spin paramagnetism ( a treatment of spin 
paramagnetism for the case of a quadratic disper- 
sion law has been given elsewhere a2) 


1. ENE RGY LEVELS OF A QUASI-P ARTICLE 
IN A MAGNETIC FIELD 


We investigate the motion of a charged quasi- 


2 L. Landau, Z.f. Phys. 64 ; 
. Landau, Z. f. Phys. 64, 629 (1930); Supplement 
re pone: D. Shoenberg, Proc. Roy. Soc. 170A, 341 


74, Akhiezer, Dokl. Akad. Nauk SSSR 23, 872 (1939); 
Iu. Rumer, J. Exper. Theoret. Phys. USSR 18, 1081 
(1948); G. Zil’berman, J. Exper. Theoret. Phys. USSR 
21’, 1209 (1951); E. Sondheimer, A. Wilson, Proc. Roy. 
Soc. (London) 210A, 173 (1951). 


° L. Onsager, Phil. Mag. 43, 1006 (1952) 


4 ‘ - 
I. Lifshitz and A. Kosevich, Dokl. Akad. 
96, 963 (1954). eg’ ad. Nauk SSSR 
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particle under a general dispersion law 
6 a 6 (Dx, Py, Pz) 


in a homogeneous magnetic field. 

If the magnetic field H is directed along the 
z - axis, the Hamiltonian for such a particle in the 
magnetic field is obtained formally by replacing in 
(1.1) the momentum component p, by the linear 
momentum operator P ,, the latter being interrelated 
by the commutation rules: 


a. Py] 


Crs) 


(1.2) 
=H, [Py, P.,)=[Px, P.] =0 


This relation between P” and P corresponds to 
the adjustable relation between the generalized 
coordinate and the generalized momentum: 

[P,. @,l=1. 

Bie cole of the generalized coordinate operator 

is played here by the operator (c/eH)P ,. There- 


fore the quasi-classical quantization condition 
4 
Fe D Prd Q, =(1+y7)h 
may be written in the form: 


(c/2xeH) G PydP, (1.3) 


=e yn (<1) 


(for the case of a quadratic dispersion law y = /%; 
in the general case, however, y may differ from %). 
The integral HPAP defines the area bounded by 


the plane closed curve 


6 (Px, Py, Pz) = E = const, (1.4) 


P, = p: = const, 


which allows (1 .3) to be written in the more sym- 
metrical form: 


Bie, p,)=\\ dP.dPy=(n +7) 20nc%, (15) 


the double integral being taken over the region 


bounded by the curve (1.4). Here SE, P,) is the 


area intercepted on the surface of constant energy 


(Re yea (1 .6) 
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by a plane perpendicular to the direction of the 
magnetic field. 

The condition (1.5) specifies, in the quasi- 
classical approximation, the implicit dependence 
of the energy of a quasi-particle in a magnetic 
field upon the quantum number n: 


pare ts ae (1.7) 


In accordance with (1.5), the distance between the 
energy levels will be 


AEn = Enya—En = 2nheH |(cOS/0E). 


If the quasi-particle possesses spin % and has a 
magnetic moment “abo ~ “leh /m .c), then inthe 
expression for the energy of such a particle the two 
possible orientations of the spin relative to the 
direction of the magnetic field H must be taken 
into account: 


E=E,(p,; WH) Ye po H. (1.8) 


Thus, the energy levels in a magnetic field of a 
quasi-particle having an arbitrary dispersion law 
and a spin %, which we shall henceforth refer to as 
an electron, are given by the expression (1 .8); 
my, which appears in the definition of p, 
represents the mass of the electron. 

It should be remarked that the components p, in 
(1.1) for electrons in a metal are components of a 
quasi-momentum. This fact, however, does not 
affect the results obtained, provided that the 
surface (1.6) does not intersect itself, and that 
each of the curves (1 .4) is located within one of 
the cells of the reciprocal lattice. In addition, the 
radius of curvature of the electron trajectory must 
clearly be assumed to be large compared to the 
lattice constant. 


2, CALCULATION OF THE MAGNETIC MOMENT 


The magnetic moment M of the electron gas is 
found by taking the derivative of the thermodynamic 
potential (2 with respect’ to the field : M=—oQ /oH. 
To determine the thermodynamic potential Q we 
make use of the usual formula of statistical 
mechanics: 


Q=—@ Dyin{i +exp2=e Ft (2.1) 


where E(s) is the energy of the electron in the 
state s, € is the chemical potential, @ = 47’, and 
the summation is performed over all of the possible 
states s of the individual electron. The energy 
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E(s) for an electron in a state with given p,, 7, and 
direction of spin is given by the expression (1 23): 
Since, in computing the number of states, the 
commutation relations (1 .2 rather than the disper- 
sion law for the electrons are the essential factor , 
the number of states is calculated by the same 
method as that used by Landau for free electrons’; 
in particular, it is possible to state that the 
number of states of momentum p, 12 the interval 
Doe Oe: Ap,) for a givenn and a given spin 


orientation is equal to 


7 eH A 
V Genre Pe 


Therefore, (2.1) may be rewritten in the form: 


leo) 

eH aq 

Anh > » 0 
Spin 7=0 


oo 


ae 


ee 


Q=—V 
©) 


C—E,, (p,3 H) F Yotoll 
x In {1 + exp ela )+ 240 e 


Representing the expression following the sum- 
mation sign in (2.2) by y(n), we use for the summa- 
tion over n the Poisson formula”: 


= el : 1 C 
Deal reer aii 2 (0).+ | dn ¢ (n) 
Spin 0 


+2 S \ dn 9 (nt) cos dnkn 
0 


k=1 


Inasmuch as y — % for E,-> E ), it may readily 
be shown that the thermodynamic potential can be 


written in the following form: 
oO 


ja eH 
it V Rie DS i \ dn (n) 


spin —1!/, 


(2.3) 


42Re 5 ( 


dn © (1) e2rkin! 3 
k=1 j 


! 
—i/, 


The first term inside the curly brackets 
corresponds to the continuous energy spectrum. It 
can easily be shown that this term will contribute 
only to the spin paramagnetism of the electron gas. 
Introducing the symbol «= € + on HL, we obtain 


5 Courant and Hilbert, ‘Methods of Mathemsioul’ 
Physics’’, v. I 
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A dn 9 (n) 
—/. 
—@ \ dn \ dp,\n {1 gt Ae) 
Salis 2 


Bt. a (e-E,)/0 
i dEin{1+e | \e: 


teed 
Qa 
eal es) 
See! 


where S=S(E£, pe): 
The relation between FE and n is given by the 
expression (1.5), and hence 


On c 


ON eC OSs, (2.4) 
OE  2nehH OE’ 
Oc 
J. = trek \ dE (2.5) 
0 


os 
+ e(e—£)/0 oe 
ani dcse } \ dp. (3). 
S>0 | 
‘Taking into consideration the nature of the 


limits of integration for the inner integral in (2.5), 
we write > 


Oc r 
i= eT | dE (2.6) 


xin {1-+ e210) & | dp,SiE, p.) 
S>0 


c C dE \ > d 
~ InehH \ elE—2)/0 4 4 S(E, P.) Pz: 
0 S>0 


the volume bounded by the surface of constant 
energy £ in momentum space. Representing this 
volume by U(E), and introducing the expression 


oo 
.) _f U(E)dE 
MO =| Sei 
0 


We now note that the inner integral in (2.6) gives 


we obtain 


(2.7) 


(i 2 x 
A= iaet ip W (s). 


\ 


Making use of the fact that Holl «<¢, we can 
expand W( €) in powers of of’, stooping with the 
second-order terms. If we insert this expansion 
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into (2.3) and sum over the two possible spin 
orientations, it is seen that the corresponding part 
of the es potential Q is equal to 


Qa = — =| 2 (9 + Cae) wf (2.8) 


a 


J, therefore, actually contributes only to the spin 
paramagnetism of the electron gas: 


Mee Ve ovo 


nop TO (2.9) 


(tof. 


The expression (2.9) has a simple physical 
interpretation. Under the condition © « ¢€, which 


we shall consider always to be fulfilled, one can 


set 
C 


W() ~\ UAE, 
0 
which implies 
@W(t) _ a(t) 
do ke 
The product 
v duct 
ar Se = 0) (2.10) 


gives the number of states per unit energy interval 
at the Fermi boundary energy; (2.9) may therefore 
be written in the form 


Miz ="/ovoe (C) eof. a) 


The diamagnetism of the electron gas and the 
De Haas - Van Alphen effect are described a the 
second term in the curly brackets in (2.3). Using 
(1.5) and (2.4), we can transform the integrals 


entering into this term: 
Cc 


\ dn g (1) e2tkin 
VR 


fos] 


=0 \ da \ ap, In {1 + exp 


—'/, 
oa 


$(E, p,) — 2nkir. 


ak) = 


E.\ archi 
=> fe 


= we ( dE \n {1 4+ exp- 
0 


x \ ap, (SE SE ) exp{aa S 
S>o 


Integration by parts leads to the expression 
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~~ c Bc 
E (2.12) 
OS (E’ 
x | dE \ dp, Hees 2) 
0 S>0 


Xexp|i gap S(E', p,) — 2akir|; 


f(x) represents the Fermi distribution function: 
f)=(+e%)?. 

In computing the inner double integral in (2.12) 
we make use of the fact that under the assumption 
ef very large numbers (c/27efH)S =n + ys Vhis 
permits the use of the method of stationary points 
for the asymptotic evaluation of the integral. It is 
found that the major contribution to /(k) comes, 
first, from integration inthe vicinity of the nae inthe 
extremum point of S ( E ” a8) Oe ), for Ev = Bs inet 
the point at which oS(E, p J)/ep = 0 — and 
second, from integration in the vicinity of the 
region of integration: E “= E£, S(E, P,) =9. As 
regards the integration about the stationary point, 
this yields the oscillating part of J (k) (cf. 
Appendix), corresponding to the oscillating part of 
the magnetic moment. Integration about the peak 
E’=E, S(E, p,) =0, yields the nonperiodic part 
of /(k ), which determines the diamagnetism of the 
electron gas. The neighborhood of S(E, p,) =0 
however, corresponds to small values of the 
quantum number n [ cf. Eq. (1.5) |, for which the 
energy levels calculated in the quasi-classical 
approximation (Section 1) are, generally speaking, 
incorrect. ‘lherefore the nonperiodic part of 
J(k), an expression for which is given in the 
Appendix, can give the correct figure for the 
diamagnetism of the electron gas only in the 
special case for which the quasi-classical energy 
levels coincide with the true levels for all n (for 
instance, in the case of a quadratic dispersion 
law). 

The first term in the asymptotic expansion of the 
inner double integral about the stationary point 
leads to the following expression for J (k): 


4 enH \"/. al 
fee reg) a 


% exp {— 2akit Fit — i=} 


x aer (% =) 


0 


(2213) 


—'), 


PS (E, Pz) 
2 


m 


x exp is a Sim (2). 
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We have represented by S_ (KE) the extremal value stopping with the first power of po//: 

of S(E, p,) for constant £. If S_(E) represents a ; 4s, (0) 
maximum for the intercepted area, then the phase Sm(®) = Sm(60)+ > Ugh ee =e 

it/ 4 takes the minus sign in (2.13), while if 

S AE) i is a minimum area, the phase im/4 takes the Taking this into account in the summation, we 


obtain as the final expression for the oscillating 
part of the thermodynamic potential 0, correspond- 
ing to the second term in the curly braekete of 


plus sign. The derivative (0?S/dp?) is taken at 
the extremal point. 


To compute the integral in equation (2.13) we (2.3): 
make use of the fact that, under the assumption : 
that dS me )/dE #0, Bnd for the evident on Vv se C'S. aia (2a ‘ak 
ie eality © < «, the major contribution to the mV 2n h3\ ¢ Op? pte dee); (QF 


integral comes from the integration about the point 
at which the function f[(E -—¢€)/U] varies v, ek os [45 S. (tye = — nb 
most rapidly; i.e., about E = €. Therefore, De (=F 4 i 
expanding S_(E) in powers of £ — € and integrating, 


we obtain [ k dS, (6) 
cos | — —_= 
x 21M dt : 
E=e)\) 0S [~is pikes G In order to determine that part of the magnetic 
dE ( ) — ex \i a S E)\ P 
\ f 8 : PY eke ale) moment which is contributed by (2.17) we must 
differentiate ©, with respect to the magnetic field 
exp \—i Pe ecg it intensity. In this differentiation the factors pre- 
~ Ch W (Rd) 2 eh ™ (2.14) ceding the cosine, which vary slowly with H, need 
mere OS [le 1g (ide é not be differentiated at all; it is necessary only 
Opie) e to differentiate the cosine, whose argument depends 
upon H. We have, therefore, for the component of 
the moment in the direction of the magnetic field*: 
where W (z) =z sinhz, and A = (7ce8/ehH) V Ch. ‘Ia spe (are 
x (dS _(e)/ de . M, so= = | OS / Op; bs aS, | a 
Inserting the expression (2.14) into (2.13), we 
obtain: a 4 (2.18) 
Vir \ ¢ (2.15) . 
Cc ey |; 
sin S, (2) —- — 2ar | 
' F (#n) exp {i 57 aye S,, (6) i | —2nkiy} x | an om) | T 
x Be reo Pe ee 
Rls | OS (e, p,)/ Op? |9 dS_, (&) | dé Bs = p dS, a 
x 2Mp5 dt j 


We compute the second term in the curly 


ees acritars AOR Iwiharneh real Combining (2.8) and (2.17) as well as (2.11) and 


ism of the electron gas, we write the final express- 
2Re y J (R) 1 ions for the thermodynamic potential ( and the 
c= 16) magnetic moment: 
2 fentH\'ls| 0S (e, p,) [~* (dS, (o> Vv 1 
pci paeee ee O aaa W (SY ae (2.19) 
Re oe Si 
Y (i) cos | ar Sm(e) F= anh |. 
ehH 4 : x : ‘ 
h=1 Throughout what follows, the values given are those 
In sumniing aver the two spin Oticntationariteis of the component M . of the momentum in the direction 
possible, in all of the expressions in (2.16) except of H. The corresponding oscillating component M. of the 
the argument of the cosine, simply to replace € by momentum in the perpendicular direction is obtained by 
¢. Inthe argument of the cosine, however, it is multiplying (2.18) by (1/S_)(AS_/d 3) ( Pbeing the 


necessary to expand S_ (€) in powers of p,//, angle in the x -z plane). 


(2.18), and taking into consideration the diamagnet- 
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V (ee ) "gas 
mV 2rae \ c | dp? 


ei dS, is 
m at 


x Sy (Rd) cos ar nes (6) 


pila ehH 
=] 
T k dS, (€) 
mia t geht Qn | cos | Teer a |; 
M=V(y.+ x2) H (2.20) 


4V (= S,,(CQVA 


He 
ite (ays 
Mam Ves Tans, p,)/ ap | as, (Ode 


eo 


W(rA)_. Re 
S| se 
Pe ae 


Sn (5) 
ra 
p 4S,, (3) 
+ - == Inky | cos lame opal, A . 


Here x, represents the spin paramagnetic 
susceptibility of the electron gas, determined from 
(2.11), and x, is the constant part of the diamag- 
netic susceptibility (cf. Appendix). 

We may remark that the nonperiodic part of the 
magnetic moment [ the first two terms in (2.20) | 
is of little interest, inasmuch as it is obscured in 
metals by other effects (for example, by the atomic 
magnetism). The oscillating part of the magnetic 
moment, to the analysis of which we now turn, is 
of primary interest. 


3. ANALYSIS OF RESULTS 


From the formula for the magnetic moment (2.20) 
it can be seen that the amplitude and period of the 
oscillations in the magnetic monient are fully 
determined by the extremal value of the area on the 
Fermi boundary surface intercepted by the plane 
- Px Hzconst., and by the derivatives of the area 
intércepted on the Fermi surface at the extremal 
point. 

For a quadratic dispersion law 

C=a7 (Rh +R+p): (3.1) 


we have 


S(E, p,) = 2am (E —(p2/ 2m), 


Sm(E) = 2amE, dSn (E) /dE = 2am, 


LOS Ops ss25 ys: 


In this case the expression (2.2) goes over into 
the usual formula for the magnetic moment of a gas 
of free electrons”. 

For a temperature of absolute zero or for very 
strong magnetic fields, in which case A <1, the 
function Y (kA) may be replaced in (2.20) by unity; 
then the oscillating part of the magnetic moment 
is given by the formula: 


AV (en)! 
Mosc =— 38 (on) (2x) (=) 
Sin (Q)V A 
x 2 |'/s 
|S, p,)/ 0p? | dS, (0)! de 


(3.2) 


ae 2aky | cos [se a 


For small fields,A > 1 and W(k A) = 2khe* * and 
therefore only one term (for k = 1) of the summation 
in expression (2.20) need be taken, which yields 


Mose= — A(H,€) sin Een Sn —— ony], 


where 
"Ts 
A(H,) =" _-(4) 
hs (27) la Cc 
OS, (t)e =a 4 dS, (6) 
“ose py /ont[hvA 2m ae} 


Since we used the thermodynamic potential Q in 
calculating the magnetic moment, € and H must in 
conse quence be regarded as independent variables. 
In actual applications of Eqs. (2.20), (3.2), and 
(3.3), however, one must take into consideration 
the dependence of € upon //, determined by the 
constancy of the number of particles V: 


N= —— OOS 17) oC == const. 


This dependence is, however, sufficiently weak 
that it may be neglected. It is easy to convince 
oneself of this by evaluating the part of ¢ which 
depends upon the magnetic field. The expression 
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for Q(C, H) is given by formula (2.19); in 
differentiating this with respect to ¢ we retain, as 
before, only the first few terms in the expansion 
in powers of H. Then 


peated MEDIC go: 
N= tee & 
Vo (ekH y+ View 
Ee hs ( c /  |aS(%, pz) OTP lm 
ae Supe S : Re r 
De ay ai yw (Rd) sin Ee Se (6) 
nR—s 
he Te Rp dS, (%) 
=. | = Mom NL 
ni 4 ky ae 2m at | 


Under the assumptions we have made (6 < ¢), 
dW(€)/dé = U(€); this is the volume in momentum 
space enclosed by the Fermi boundary surface. If 
we introduce this notation into formula (3.4), and 
for simplicity designate the summation in the 
second term of this formula by G(¢,H), we obtain 

UG)= UC) 

(3.5) 
2VinGit, H) _ 
2 ; ‘Ia 
0°S (%, Pz) / Op2| 


> ekH \*!s 
c 


where €, is the chemical potential at H = 0. 
Assuming a small increment to ¢ dependent upon 
the magnetic field H, we may set 


C=GQ(1+E8(H)), E<1. 


Expanding the quantities in (3.5) which depend 
upon € in powers of & and stopping after the first 
few terms, we have 


UC.) = UC) + Fl, 


— ats 
al 
whence it follows that 


= (H) 


2V 2k G (CG, H) 
| 2%S Go, p,)/ dp?) 


(3.6) 
2V 25 


” | G (bo, H) 
CadU (So) / al \ 


| o"S (So, P;) ‘ Op? 


/ehH < 


1 
m 


Inasmuch as the summation GS H) appearing in 
(3.6) is of the order of unity, while |97S/dp*|* isa 
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nondimensional quantity representing the aniso- 
tropy of the Fermi boundary surface (for the case 
of a spherical surface it is equal to V 27), the 
quantity € (H) is determined by the ratio 

(ehH/c)* /2) €(dU(S,)/de «)- If the cases in which 


the anisotropy of the Fermi surface is anomalously 
large are neglected, then it is possible to assume 
that U(C,) ~ [S(¢,) 1°/? where S(¢q) is the mean 
area intercepted on the Fermi surface by the 
planes p,= const. This permits setting, in order 
of magnitude 


a 2), dS y's 
bo Gee ~ Ua) ~ 1S Ga) ~[o ae, | 
and we can write 
E(H) (3.7) 
se ( ehH Ih / » aU (6) ieee dS (Co) ) ; 
C “ade Goo / do} 


We note here that, as follows from (1.5), the 
mean distance between neighboring energy levels 
near the boundary energy is equal to 


APRS 2nehH — 
0 ° 


The distance between the levels is assumed to 
be considerably less than the boundary energy Ce 
from (3.7), therefore, we obtain the following 


evaluation of € (//): 


E(H) ~(AE/Q)" <1. CH 
Thus, the quantity €(H), determined by the 

expression (3.6), is actually small in magnitude. 

For the case of the quadratic dispersion law (3.1) 


Hay (2) Se 


MCZo 2nV2 


pera e 


As regards the argument of the sine in (2.20), 
(3.2), or (3.3), its dependence upon the magnetic 
field is incorporated in the expression 


c = SAG 
‘ehH Sm (0) = Sk [Se (5) + ea 


- 
ao 


= a Sm (60) 


YAN (o 
G (to, H) a (3.9) 


| PS Go, p,)/ Op, 


2V 25 ekhH\'Il: 
a Cay c ) 
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The second term in (3.9) is equal in order of 
magnitude to (AE/ ee <« 1; the periodic depend- 
ence of the magnetic moment upon the magnetic 


field is therefore fully determined by the first term 
in (3.9): 


c 
ei Sm (6) = 7 Sm(%). (3.10) 


It follows from (3.8) and (3.9) that ¢ may be 


replaced by a in Eqs. (2.19) and (2.20), as well 


as in (3.2) and (3.3), and the period of the oscilla- 
tions may be represented in the form 


A(z) = 


cS, G) (3.11) 


In the event that there are several unfilled 
zones, in which the classical motion of the 
electron is independent — i.e., when the Fermi 
surface is reduced to a few closed surfaces — each 
group of electrons has its own S_ (£) and makes 
its own oscillatory contribution to the magnetic 
moment. If in this case the boundary energy € is 
found to be distributed about the lower part of the 
unfilled zone, we may content ourselves with the 
representation 

p? p2 p2 

G (Px, Py, Pz) =e + (se eae a) 


Msg 2msz 


The maximum area intercepted on the ellipsoid 
Pe, Bis, Ey) = E by the plane P x H = const. 
_ will be 


Sm = 2xm (E — £9), 
ao (mymyms) '* / (mye + maz + Ae 


where the « . are the direction cosines of the magnetic 
field vector H in the system of the crystallographic 
axes. This yields for the corresponding factor 


OS _,/OE = 27m and period 
Ne ep 1 eh 
AG)=<c (= FF), 


In the case of a nearly-filled zone the energy at 
the upper boundary has the form 


, Henge eet 
| (Po Py, Pe) =8— (Ga + ta + Zn) 


which yields 
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OSm/OE = — 27m and A(+)= . S 
p= eh/ mc, 


Se * «¢ *\1/, * 9 * 9 * 91/ 
= (mymzms) " | (mya + myo; mga3)'!* 
In the presence of strong mass anisotropy even 
a slightly mosaic structure leads to obscuration 
or complete obliteration of the oscillations in the 
event that the number of electrons in the 
corresponding zone is large. This obscuration of 


the phase of the oscillatory term may be 
represented in the form 


Ae = Se Am be 
7 uo om wl AS, 


where Ad is the angle of mosaicity. For Ad> | 
the oscillations disappear. Therefore, only those 
groups of electrons or holes in which the number 

of particles is extremely small will participate in 
the effect. Oscillations having smaller periods 
can appear only for sufficiently high fields. Since, 
however, the curvature of the surface corresponding 
to an anomalously small number of electrons is as 
arule extremely high (anomalously small electronic 
“‘masses’’), even in this case there is no founda- 
tion for assuming a quadratic dispersion law. 

Thus, the occurrence of the experimentally 
observable De Haas-Van Alphen in a large group of 
metals provides grounds for assuming that the 
presence of zones having an anomalously small 
number of electrons is a general property of 
metals. It is possible that the appearance of these 
zones is connected with interactions between the 
electrons and the lattice. The discovery of an 
isotopic effect might serve to confirm sucha 
supposition. 

Finally we turn our attention to the fact that 
careful experimental measurement of the period of 
the oscillations in the magnetic moment A(1 //), 
as well as of the amplitude of the oscillations and 
the temperature dependence, would permit the 
reconstruction of the form of the Fermi boundary 
surface, and would also permit the determination 
of the velocity of the electrons upon this 
surface — i.e., the problem may be solved in an 
inverse sense, so to speak, to that in which we 
have solved it. The feasibility of this procedure 
is a consequence of the fact that the period of the 
oscillations determines the extreme value 


SnbS) of the area intercepted on the Fermi 
boundary surface by the planes perpendicular to the 
direction of the magnetic field, while the amplitude 
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of the oscillations and the temperature dependence 


determine dS (6)/d and |aS ke p,) / | As 
has been demonstrated in a paper by Lifshitz and 
Pogorelov®, a knowledge of these quantities, under 
quite general assumptions, is adequate for the solution 
of the inverse problem. 

If itis assumed that the Fermi boundary surface 
has a center of symmetry and that the extremal 
intercept is the central one, then the length of the 
radius vector r, extending from the center to the 
surface in the direction e(e being the unit vector), 
is determined by the formula® 


(3.1 2) 


u 


v/ d 
Xe (0) —\[Xe (w) — Xe 1 
We have introduced here the representation 


Tee Se ()Jnd (ne — 2) dQ, 


on 


where [S(O], is the area intercepted on the 
boundary surface CPE, Ps ee) = € by a plane 
through the center normal to a given unit vector n, 
0(z) is the delta-function, and dQ, is the element 
of solid angle in the direction n. 

Having determined the form of the surface r (e), 
and knowing the quantity dS_(¢)/d¢, one may 
readily determine the velocity of the electrons on 
the boundary surface. 

For the magnetic fields under which the measure- 
ments of the De Haas-Van Alphen effect have been 
conducted (H ~ 104 gauss) the periods observed 
experimentally for the oscillations are determined, 
as we have pointed out, by those zones having an 


anomalously small number of electrons; for this 
reason the method described above can be used to 
reconstruct the Fermi boundary surface for these 
zones alone. Measurements in considerably 
stronger fields are needed before it will be possible 
to draw any conclusions regarding the form of the 
boundary surface for the normal energy zones. 


APPENDIX 


We shall evaluate the integral 


5, Ue ; : 
Ss Mexp iqgSE , Pz) — dak i} 


in which the region of integration is bounded 
by the straight line E “= E and the curve 


© |. Lifshitz, and A. Pogorelov, Dokl. Akad. Nauk 
SSSR 96, 1143 (1954), 
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S(E% p,)=0. We shall not specify the extremely 
weak dependence of y on £ “and p,. 


Assuming that OS(E 4, p,)/0E “#0, we may 
conclude that the primary contribution to/ is 
provided by integration in the neighborhood of the 
point on the boundary of the region of integration 
E’=E for which oS(E, p )/Op ,= 0, in the vicinity 
of the point E “= P,= 0, for which aS(0, p,) /Op , = 0, 
and about the peaks of the region of integration’, 

1) In integrating about the stationary point on 
the straight line E°=E we expand S(E %, p Jina 
power series in (E’—E) and om — pm) Pn “A 
corresponding to the stationary point), stopping 
after the first nonvanishing terms: 


OS (E, p ) : k 1 | 
= pee cas wil {i $5, S(E, Pm) — 2ekiz} 
E Pmt) 
(. "Re i Os 
ox \ (01) \ dp.exp liza |(E sade iar 
E—0 Pao 
hey pnetetp nace 
se p> (Pz Pm) eat 


After further computation we obtain 

jh “ne V on 
Rc jars Op? |'/e 
/op2|t 


oes 
exp \i a7 S (Esp) 


. PR rs 85 
— 22zkiy —t -#itt 


The sign of the last term in the exponent agrees 
with the sign of d7S(E, p,,)/dp>.. 

In computing the integral we have made use of 
the following asymptotic formula: 


| f(x)exp {42 (x — x,)} dx 


se 


T(n +1) 


n+t+1 
wert 2 a 


~ fn i 


exp{+i (Wo 1), 


assuming that in the neighborhood of x = x) the 


function f (x) has the form f(x) ~ f(x - x9)”. 

The expression obtained for /, determines the 
oscillatory part of J(k); if it is inserted into equa- 
tion (2.12), setting SE) =) (E, Pim) , the latter 
will yield (2.13). 

2) Designating by tp, the values of Ps 
corresponding to the peaks in the region of 
integration,we investigate the integral in the 


Gace Proc. Acad. Sci. (Amsterdam) 51, 650 
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vicinity of one of the peaks 


Po Be 
OS (E : 
gee \ dp. \ aE 
Po—0 


. ke Osos oe as 
X exp {i saa (Pz — Po) dp, (Ses E)5-|t 
The lower limit of the integral over E “lies on 
the curve S(E % P,) = 0. Near the peak it is 
possible to make the substitution 


E'= Sana ae AEs, 
E+ (po—pa)(5— |) 


With substitution of variables we have 
ae 
\dxe—'s \ dye—i¥ 
0 


0 


I eh enki y 
as ke / OS(E,po)ldpo 


Computing the integral using the above formula 
we obtain: 


I ar sin 2rky —cos 2rky , 
. a 


a At he OS(E, Po)/ap, \1 © #4) 
where a is some real quantity; its value is not 
important, since we shall be interested only in the 
real part of /. 

Inserting [, into (2.12) we obtain the correspond- 
ing contribution to the real part of J (k): 


Re {J (R)} 


me E—e 
ehH sin 2xky — cos 2nky f (=) GE 
oe ocr 
Noting that the region of integration has two 
symmetrical peaks, we write the expression for 
that part of the thermodynamic potential ( and the 
magnetic moment M which is determined by the 


quantity /, in the form: 


645 
(tea ad eh al = sin 2rky — cos 2rk 
eee ay ater 
k=1 
E—¢ (Pal) 
x el 
; OS (E, Po) / OPo 
ae BD S siti 2nky — cos 2rky 
M= Va ae lt >) Re (P.2) 
k=1 
E—¢ 
( 8 )ae 


These expressions describe the constant part of 
the diamagnetism of the electron gas. In the case 
of the quadratic dispersion law (3.1 )oS(E, Pz)/dOp 
=~ 2m 2mE and(P.2) goes over into the i 
familiar Landau formula. 

In the general case, however, our formulas for 
the constant part of the diamagnetic susceptibility 
may turn out to be incorrect, since it is impossible 
to use the quasi-classical energy levels in the 
vicinity of S(E,p) =0. The diamagnetic 
susceptibility of the electron gas is determined by the 
electrons near the Fermi boundary surface®, while 
the expressions(P.1 ) and(P.2) are determined by 
all of the electrons together. 


3). One can readily convince oneself that 
i i i ‘~p =O yields a 
integration about the point / ee ie 
a contribution to the real part of / which is small 
in comparison with the real parts of Li and es we 
shall not, therefore, investigate it. 


8 R. Peierls , Physik. 80, 763 (1933); A. Wilson, 
Quantum Theory of Metals. 
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The de Haas-van Alphen Effect in Thin Metal Layers 


A. M. KosEvicu AND I. M. Lirsuirz 
Physico-Technical Institute of the Academy of Sciences of the Ukrainian SSR 
(Submitted to JETP editor July 19, 1954) 
J. Exper. Theoret. Phys. USSR 29, 743-747 (December, 1955 ) 


The magnetic properties of electrons in thin metal layers are discussed for an arbitrary 
law of dispersion.The energy levels of quasi-particles with an arbitrary law of dispersion 
in a magnetic field in the presence of a transverse potential field are determined. The 
oscillating part of the magnetic moment of a gas of such quasi-particles is calculated 
and general formulas are used for investigating the de Haas-van Alphen effect in thin 
metal layers. It is shown that the periods and amplitudes of the oscillations are de- 
termined by the form of the limiting Fermi surface and depend appreciably on the ratio 


of the thickness of the layer to the 
particles. 


iT IN previous papers by the authors! a method 

® of quasi-classical quantization of the motion 
of charged particles with an arbitrary law of dis- 
persion © toe Py» p,)in a uniform magnetic field 
was proposed. This method can be extended to 
the quantization in a magnetic field in the presence 
of an additional field U (y). 

For a magnetic field H along the z axis, the 
components of the kinetic momentum operator P may 
be conveniently chosen as 


P=p~,++Hy=—ih2+£ny, 


i.e., taking y = (P, - p,, e/ell. 
Thus, the "amiltonian of the particles has the 
form 


AV esd ead ae 


= 6 (Px, Py, Pz) + U[(Px — px) c / eH] 


Classical motion of the particles is described 
by the equations 


GO (Peal) = const, 
P, = p,=const, p,=eonst, 
Ut Me Wifahite an AM Kosevich DonlewAuad) 


Nauk SSSR 96, 963 (1954); A. M. Kosevich and I. M. 
Lifshitz, J. Exper. Theoret. Phys. USSR 29, 730 (1955). 
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‘‘tadius of the classical orbits’’ of the quasi- 


and quasi-classical quantization is given by! 


(\aP.dPy (1) 


= S(E, pz, px; 1) 


2rehH 


Ea) are O=< 78 


where the integral is to be taken over the region 
bounded by the plane curve 


© (Px, Py, Pz) (2) 


+ U[(P;— px)c/eH| = E =const 


P,= pr =-const,-p-— const 


Equation (1) implicitly determines the depend- 
ence of the energy level © on the quantum number 
n and the components p, and p,. 


E=E£, (Pz; Dx; f2). (3) 


faving in mind the application of the formulas 
obtained to the study of the electron gas in a 
metal layer of finite thickness, we take U(y) as 
having the form of infinitely high potential walls 
at the metal surface: 


U(y)=0, lyl<a; Oly) =<e, lier aia 

where a is the half-thickness of the layer. For 

this case the region (2) is given by the conditions 
Pe Pee) ae Ee 

6 ( s z) L, 3 Cs (5) 

Dx = const. 


(epee 


Pp= pss Cone, 


DE HAAS-VAN ALPHEN EFFECT 647 


Let R,\p,, E) be the right-hand extreme value 


of the P, coordinate of the plane closed curve 


6 (Px, Py, Pz) = E, P. = pz = const, (6) 


and R(p,, E)the left-hand extreme value of the 
P coordinate of the curve (Fig. 1). If 


Re (pe, E)< pr + El a, 


(7) 


Ri (Pz, E) > px So a, 


then the closed curve (6) lies completely between 
the straight lines a =p, + eHa/c (Fig. 1), and 


the quasi-particle can be considered as “‘free”’ 
and its energy levels are determined by the 
formulas given earlier’. 


k, IR, 
{ 
| 
A=2,- £ Ha P= pt 5 Ha 
Fic. 
R (A 


Py=pp pha Pe-D,te Ha 


Bice 2 


If the condition (7) is not satisfied, then the 
area of the region (5) entering into (1) is the area 
bounded by the curve (6) and the straight lines 
(or only one of them) P, =p, + eHa/c (Fig. 2). 
Since this wea depends on a, the energy levels 
in this case will also depend on a: 


1 ios Jie (pz, Px Hp be a). (8) 


2. Knowing the values of the energy levels (3) 
or (8) of a single particle, we can determine the 
oscillating part of the magnetic moment of a Fermi 
gas consisting of such particles. The magnetic 
moment of the gas contained in a volume having 
linear dimensions L in the x and z directions is 
given by 


uma D\ des (9) 


x Yap Ge (255) 


where f(e) is the Fermi distribution function f(«) 
= (e+ 1)"!, Cis the chemical potential and @ 
=k. 

T'o separate out the oscillating part of the mag- 
netic moment, we use the Poisson formula, re- 
placing the summation with respect to n by an 
integration. The relevant part of the formula has 
the form 


Mose (10) 


» © ee ) 
= —=3; J) Re i\9 (En) exp ee ; 
0 


where ¢(E_ ) denotes the expression under 
the summation sign in (9). 
Taking account of (1) and the equation 


Os” os 
JE/OH =(S — ear. yV/ HOF which follows from 


it, we can go over in the integrals of (10) to an 
integration with respect to E 

co 
In=\ atEpve tan (11) 


0 


ao c —2 thi c E—C 
~~ neh & | aE f (3) 


0 


x | (\ ap.dpz (s —H m7) exp Berl ; 
SS 


; H). Since the argument 


where S =S(F, Loe es 


of the exnonential in (11) is, according to our as- 
sumptions, a very large number, we can apply the 
method of steepest descent to calculate the in- 
tegral in curly brackets. If we assume the 
stationary noint (dS/dp, = 0S/dp, =) to be 
isolated, we obtain 
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1 ; 5 us 
[n= Fy eXP \- Inkix +i7 +iz} 


C Sees POH 
x \ de = Cia aS AEE 
(coe) (rz) ~ (ea) | 


x AZ) exp [ikcSm(E, H) / ehH]. 


RS y (CH) 
x exp E mick Lie aL L 
where 
ce nc@ OS, (C,H) 
ec, Peter re 


As can be seen from (12) the period of oscillation 
is given by 


(13) 


a 


[|Sm (6H) —H(0Sm (6, 1)/0H)|, 


which shows that the period A (1/7 ) of oscil- 
lation depends on the value of the magnetic field 
H. 

3. We shall now apply the general formulas ob- 
tained for a gas of quasi-particles in an arbitrary 
potential field to the case of an electron gas in a 
metal layer of finite thickness whose walls we 
shall replace by the infinitely high potential 
walls (4). The calculation of the integral /, in 
this case is somewhat changed. This is connected 
with the fact that for 


Rs (Pz) < pet mle a, 
AH 
Ri (p2, Se pe a, 
the energy levels are independent of p_, where 


p? corresponds to the maximum valueS 9 (€) of 


us area of cross section S°(Z, P, ) of ae surface 


sae ie bs € by planes PH = const. Thus 


Sr ori 


Reo Neate ale 
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where S_(E, H) is the extreme value of 
DICH. Dae ;H)for constant E. The sign of the 


phase iz /4is the same as the sien of the 
derivative (07S/dp?) or (02S/ dp? Ne taken at 
the extreme point. 


Because of the extreme steepness of the func- 
tion f{(E — ¢ )/@] in the neighborhood of 
E = G the main contribution to /, for © <«€ comes 
from the integration close to the limiting energy. 
This integration finally gives 


H (0S / 0H) mx 
es \2 |" OS,, (GH) SEN) (12) 
5.0) m,& a 
FHiTHig —2xnkiz], 


the expression for /, assumes different forms for 
different ratios of the thickness 2a of the layer, 
to the ‘‘diameter’’ cD/eH/ of the orbit of the 
quasi-particle: 


1) ake 
~ R ea C 92 eH (Ob 
1 (Pz, 0) < e ~? (14) 
eH 
=~ —[% 20 — Dip, 9] 
(ch /c)'!2 So (C) ¥ (2°) 
lV inti | OS? (C, p,)/ Op3 


exp {ike Sh ©) ae 2rkiy +i ( = cit i =)} 
“0S, (6) / 06 ‘ 


x 


where 


ome nc@ 4S), (0) 
; éh hia ica 


2) If D(p®, ¢) > 2(eH/c)a the expression for 
I, is the same as (12), where S(E, Pi Po H)is 
to be understood as the area bounded by the curve 
(5) and the straight lines P =p, + eHafe. 

The corresponding periods of oscillation of 
magnetic moment in these two cases are given by 
different formulas, namely, 


a) for D < 2eHa/c, the period of oscillation is 
given by ) 
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A(z) = S20, 


where S° (€) is the extreme area bounded by the 
curve (6) for E = ¢; 

b) for D > 2eHa/c the period is given by (13), 
where Sen (¢, H) is to be understood as the ex- 


treme value of the ‘‘cut-off”’ area (Fig. 2). Since 


S46, #1) denends on a, the period A(1/#) in 


this case depends both on the magnetic field and 
the thickness of the layer. 

It should be noted that for the electron gas in a 
metal layer, the dependence of the period A(1/H) 
on # occurs only for thicknesses smaller than the 
mean “‘radius’’ of the electron orbit. However, 
the dependence of the amplitude of the oscillations 
on the layer thickness begins to appear at larger 
thicknesses [see Fq. (14) ]. 

For an electron gas with a quadratic law of dis- 
persion E = p2/2m, the curve (6) is acircle and 


D(p2, )=2V 2m € (p2=0). As has been 


pointed out, the formula for the magnetic moment 
of such a gas in a metal layer depends on the 
size of the ratio 


Vion [7D = eHa/cV 2mt. 


A(1/H) = eh/ mcg, 


A(1/H) = neh /2mct| V8 (1—8)— sin? VSd|, 8< 1. 


Equation (15) gives the explicit dependence of the 
period of oscillation on and the layer thickness 
efor 0 <1. 

It should be noted that,in determining the mag- 
nitude of the extreme area of cross section of the 
Fermi surface from experimental data,it should be 
possible to establish that the dependence of the 
period A(1/H) on H appears at thicknesses 
a~ 10-4 to 1075 em (in fields 7 ~ 10? to 104 oe). 

In order to apply the above results to the in- 
vestigation of the magnetic properties of metallic 
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For 6 > 1 the oscillating part of the magnetic 
moment is given by (10) and (14), where 


Sin (E) = 2emE, 
dSm/dE = 2xm, | 0S /dp?| = Qn, 


and for 6 < 1, by (10) and (12) in which we must 


use the relations 
Sm(C, H) = 4mo (V6(1—38) + sin? 9); 


OSm(C, H)/06 = 4m sin! V3, 
H (0S /0H)m, ~ = 8m6V 6 (1 — 8), 


| 02S / Ope |m,c=4 sin? VS, 


PS /Ops|m, c=4YV5/(1—8), O?S/Opz Op, = 0. 


The expressions obtained for the oscillating 
part of the magnetic moment of afreeelectron gas from the 
general formulas (10), (12) and (14) go over into 
the expressions obtained earlier by the authors 
from direct calculations”, We give here only the 
formulas for the periods of oscillation 


One b: 
(15) 


films, it is essential that the metallic film, or the 
packet of metallic films, should be nearly a single 
crystal or else the scatter of the orientations of 
the single crystals will lead to smearing out or 
complete extinction of the oscillations of the 
magnetic moment. 


21. M. Lifshitz and A. M. Kosevich, Dokl. Akad. 
Nauk SSSR 91, 795 (1953). 
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The thermoelectromotive force, resistance and Hall effect are considered on the basis 
of a two band model for a metal in a magnetic field at low temperatures. 


T Hi kinetic energy of electrons in a magnetic 
field, in a plane perpendicular to the direction 
of H, is quantized’ . This holds both for free 


electrons and for electrons in a metal?”*, 


independently of their dispersion law’. Because 
of the quantization of the energy, all the physical 
quantities that depend on the distribution of the 
electrons in the quantized levels, will oscillate 
upon a change in H. The oscillation of the 
magnetic susceptibility has been studied in 
greatest detail 5-9. however, a study of the 
behavior of other physical quantities (resistance, 
Hall effect, thermal emf, etc.) upon variation of H 
is of interest for the electron theory of metals. It 
was pointed out by Akhiezer®, on the basis of the 
research work of Titeica! °, that the resistance of 
metals (in accord with published experiments | ie) 
must oscillate upon variation of the magnetic 


field. Blokhintsev and Nordheim! 2 investigated 


1 1. D. Landau, Z. Phys. 64, 629 (1930) 
2 R. Peierls, Z. Phys. 80, 763 (1933) 


YES Be Zil’berman, J. Exper. Theoret. Phys. USSR 23, 
49 (1952) 

4G. E. Zil’berman, J. Exper. Theoret. Phys. USSR 25, 
313 (1953) 

5 I. M. Lifshitz and A. M. Kosevich, Dokl. Akad. Nauk 
SSSR 96, 953 (1954); I. M. Lifshitz and A. V. Pogorelov, 
Dokl. Akad. Nauk SSSR 96, 1143 (1954) 


ek wll Akhiezer, Dokl. Akad. Nauk SSSR 23, 872 
(1 939) 


71. D. Landau, Appendix to the paper of D. Shoenberg 
Proc. Roy. Soc. (London) 170A341 (1939) 


SOUT Zil’berman, J. Exper. Theoret. Phys. USSR 21, 
1 209 (1951) 


2 Preys Verkin, B. G. Lazarev and N. S. Rudenko, J. 
kxper. Theoret. Phys. USSR 20, 93 (1950); 25, 47] 
(1953); 20, 995 (1950); Dokl. Akad. Nauk SSSR 69, 773 
(1949); 73, 59 (1950); 81, 529 (1951); diemorial Volume 


for S. I. Vavilov, Academy of Sciences Press, 1952, p. 
344. 


10S. Titeica, Ann. Physik 22, 129 (1953) 


aN J. de Hass, L. W.Schubnikoy, Leiden Comm. 
207 and 210 (1930); B. G. Lazarev, N.M. Makhimovich 
and . A. Parphenova, J. Exper. Theoret. Phys. USSR 9, 
1169 (1939) 


eA e , . ‘ 
E. S. Borovik, Doctoral Dissertation, Kharkov 


University, 1954. 


13 J), I, Blokhintsev and L. Nordheim, Z. Phys. 84, 
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the increase of resistance in a magnetic field. 
Davydov and Pomeranchuk! *, making use of the 
particular case of a two band model for bismuth, 
showed that, along with the oscillations, there was 
observed an unlimited increase in the resistance 
of bismuth in a magnetic field. Their expressions 
applied only to bismuth, and in view of their 
complicated character, were unsuitable for 
comparison with experiment. Kohler! > obtained a 
simple expression for the resistance in a magnetic 
field, but he did not take into account the 
quantization of the energy of the electrons. 

In the present research, we have considered the 
behavior of the resistance, Hall effect and thermal 
emf (in the isotropic case) for a two band model 
of a metal in a strong magnetic field at low 
teniperatures. 

In place of the inequality ar <1 (w =el//me, 
7 is the free path time for the electron in the 
metal), which allows us to write down the kinetic 
equation in the usual way, we shall assume the 
inverse inequality to be valid: #7 > 1. In this 
case the quantization is preserved, in spite of 
collisions with the lattice. 


1. EIGENFUNCTIONS AND THE ENE RGY OF 
THE ELECTRONS 


For free electrons in a magnetic field if = H 
(described py the vector potential A => ily ° 
A= A, =) and an electric field F = By we have 
the equation 


Hy? 


2nic2 


+ intty SY 4 


} + eFyy = £9, 


where ft = efi/mc, e = absolute value of the elec- 
tronic charge. ‘he solution of this equation has 


the forn, 
cy 
Vey (2) 
exp {i(Ryx+ Pgz)} oe hek, Fmc? \ 
2 V LE 3%o ie Xo a eH sere : 


Las po Ba Davydov and I. Ia. Pomeranchuk, J. Exper. 
Theoret. Phys. USSR 9,1 295 (1939) 


'S M. Kohler, Ann. Physik 6, 18 (1949) 
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where a 9= ( he/eli)*; Y, = Chebyshev-Hermite 
functions; 


PE haks — Ents + hck,E / H, (3) 
Enn, = pH (1 + 1/2) + h?R2/ 2m , 


We note that heck, F/H = ely. where y, is the 
equilibrium position. To the state (2) there 
corresponds the current 


ty = —ecF/H, iy =0. (4) 


We now pass over to electrons in a lattice, 
wherein we shall make use of the approximation 
of strongly coupled electrons, employing the 
rather simplified method of Peierls”. If P(r) is 
the eigenfucntion of the electron in an atom 
located at the point n = 0, then (see reference 4) 
we have for the electron in the atom at the point n 
(if the magnetic field directed along the axis oz 
is described by the potential Ace Hx): 


n (Fr) = exp {— ixp “2, y} % (r — Nn). (5) 


For an electron in the periodic field of the 
lattice, we have 


4 A 
ig (Pt AVY + (Vp +eFy) p= Ey. ©) 


We seek the solution of this equation in the form 


» = 5) ann (F), (7) 


where the function ¢ (r), which is defined by kq. 
(5), satisfies the equation 


Efe t ayn ° 
+[V(r—n) + eFy] on = Enda, 


V(r — n) is the field in an isolated atom at the 
point n. For the coefficients a, we get (assuming 
the neighboring ¢, to be slightly overlapping) 
(9) 


cam = Dyiaecun c= E—E, 
n 


(E_ are the eigenvalues in the isolated atom), 
a 


¢ (1 0) 


-mn 


= exp {ix 2 (m, — it) 9} [A (m — n) + CF A24mal- 


The exchange integral A(q) is equal to 


7 (11) 
A (4) = ¢0(F ~ 4) 90 (8) [Vp(t) — V(r) de 


It is not difficult to obtain the operator € from the 
matrix elements (10). It has the form 


A 


e= 4 (q) eR 4 eFy, (12) 
q 


where R = [p + (e/c)A\/h (e is the absolute value 
of the electronic charge), while As =-H,A =A_=0, 
iy: Zz 
and q is the lattice vector. 
Writing the operator € in the form (12), we have 
neglected the ngncommutability of the components 
of the operator R (a = lattice constant): 


aR.akRy —aRyaR, = —ia®?/23, (13) 


inasmuch as a?/¢, ‘ <1, which takes place even 
in very strong magnetic fields (in order that this 
ratio be unity, the field must be of the order of 
10°- 10° oersteds). 

Since the exchange integral A(q) increases very 
rapidly with g, we can write Eq. (12) for the cubic 
lattice in the form: 


e = Ago (14) 


+ 2A, (cos aR, + cos aR, + cos aR3) + eFy. 
We consider the field F small, so that the follow- 
ing inequality is satisfied: e*Na .< pH, where 
N=V2n+1, Vu ¥ is the amplitude of oscillation 
of the electron. Below the upper band we can 
expand in a cosine series, neglecting two terms. 


Then the operator (14) is identical with the 
operator (1), if we introduce the effective mass 


Mefi = Mm, = — fh? /2A,a? 


These operators have identical eigenfunctions* 
[i°q. (2)] and, if we select the value of the energy 
at k, = 0 as zero, identical eigenvalues (3). 


* In the approximation of strong coupling of the 
electrons, for ka <1, the function U(r) in the expression 
w= exp {ik-r} Sexplik- (n -r) Pott - ee expt ike r} U(r) 
depends very weakly on k, since |r — n| <a, and the e- 


fore the rapidly oscillating factor of U(r) can be con- 
sidered constant in the calculation of ath itrary matrix 
elements from functions in the region ka<< 1. In 

the presence of a magnetic field, Eq. (2) appears in 
place of e#kr, 
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Above the lower band we can again expand Eq. 
(14) in a series, neglecting the quadratic terms. 
By means of a transformation of the eigenfunctions 
[multiplication of them by expt t(in/a)(x +y +z)$] 
we can reduce the problem to Eq. (1) here also. 
However, the effective mass, - m,, is now given by 


Meff ee My, = h? ) 2A,a’, Mieff << 0. 


The eigenfunctions will have the form 


Vainks 
(15) 
i109} sin Poulter exp {i (2,4 + kgz)} 
cOS a ( y ) 9) V LiL 3% 
ay __heky __ Fm =) 
Xn (2 ayeld aeH? ) , 


Here the square of the first factor (which is 
rapidly oscillating and identical for ally, ) 
can be replaced by /% in the calculation of ‘the® 
matrix elements. 

The energy of the electron can be written as 


Enanks (16) 


4 WR ick F 


Here AG is the overlap of the lower and upper 


bands. 

The same current corresponds to the state (15) 
and to the state (2). The same result obtains in 
classical physics: the velocity of the electron 
has the mean value cF'/H in the field F =F 
H = H and depends neither on its mass Neon its 
charge. The current density for all electrons in 
the first (upper) band will be | ns (ecF/H)N, ; 
ee ithe 
current density in the second (lower) zone will be 
equal to j, = (ecF/H)N, if we take it into account 
that the cwtent which corresponds to a filled band 
is zero. Here N, is the number of free states in 
the lower band (number of holes). The resulting 
current density along the ox axis will be 


Jc= — (ecF | H)(Ni— Ne). 


? 


N,= number of electrons in this! zone per cm 


(17) 


The overlapping of the bands 4, and the Fermi 
level E , (for H =0, T = 0) are connected with the 
numbers V, and NV, by the relations 


GBA BRR AAN 


Ny = (8 /3A*) (2msEo0) 
Nz = (8 / 3h?) [2m (Ay — Eoo)] 


2. THE CURRENT IN THE DIRECTION OF THE 
ELECTRIC FIELD 


The current in the direction of the electric field 
F is brought about by transport of electrons 
because of collisions with the lattice! °. At the 
very low temperatures of interest to us we can 
consider only scattering by distortions of the 
lattice. 

The current /, through the plane y = 0 is equal 
to the number as transfers across this plane per 
second, multiplied by the charge on the electron: 


(18) 


x \ \ » \ | Viwnbas smu, |? 8 (Enyaks — Exare,) 


ky >0 x;<0 n,m hikes 


x Sn (Ents) (1 on Tus (Emx;)) — Fr, (Ems) 


x (1 a tr, (Enk,))] dk, ain aks dx, 
Here Tnx mie 
perturbation V, produced by the transfer: 


is the matrix element of the 


Vi rikess camive 


(19) 


= at Sexe (ily —14) x i (Ba — 0) 


x ©n (4 = heh, 


Ay ayeH 


oe 


ayeH* 


hex, Fnic? 


(Os 
x te( 2-2 


The argument of the distribution function f will 
be L, (Eq. (3)], not Fi nk,’ inasmuch as 


fick , F'/H plays the role of a potential energy in the 
electric field. The index £, of the function f is 
introduced for the case in which there is a weak 
temperature gradient in the metal. 

In a way similar to that used in reference 10, we 
can show that the function f is identical, up to 
terms of order F?, with the usual Fermi function, 
provided that the temperature gradient is propor- 
tional to the field F (thermo-emf), The proof is 
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based on the fact that in Eq. (20) below [ as also in Fig. (18)I, 


oo 


af QTL 
Gr) coll e = : « dx, uf dx, | Vignks: XiMX3 F 6 (Exynk, age Ex,mx,) 
x [fr, (Enns) ( i Fx, ( (Enix;)) cea (Ems) (1 a Sr, (Enn,))] 
the integration over x, is effectively between the temperature gradient in the metal, a gradient pro- 
limits portional to the field. We can then write 
= (M+ N) <0 04 — ky) <a (M+N), 21) fe (22) 


NeaViFl, Mayet © fou — hy Bs [27 Mg M8] 
a ee ate al crnloy) om aay cele 
since the matrix element (19) differs from zero whereel 
only in this interval. The integral (20) appends on 
the field F only in the combination eF'a AU = 9 er 
but in the expansion in powers of F and Picerstion: 


such terns drop out, in view of the condition (21). expansion (22): 
This will be true even in the case in which there is a 


p—FEEB 2) 5 5B Sen 


ky >0 *1:<00 m,n a 


is the Fermi level. 
In the calculation of Eg. (18) we make use of the 
smallness of the difference jd, - Eee and of the 
3 3 


X 6 (Eninrs — Eximxs) (Ra — ") $2 dx, dks dxs 
(23) 
a = vn \ \ d \ | Vignks; x17K; E 6 (Enynks— Exams) (Ra— *1) 
i ky >0 x10 m,n has 
Oty 
(Bene La) aE dx, dks dish. 
n 
; To calculate the matrix element (19) which where the summation is carried out over all the 
determines the probability of elastic scattering on nodes where distortion takes place. We assume 
distortions of the periodic potential of the lattice, such a form of V completely if the scattering of 
randomly located in the crystal, we assume that the electrons located near the boundary of the band 
difference V between the real and ideal periodic is considered. 
potential can be expressed in the form Making use of the independence of the location 
% of neighboring distortions, we can calculate the 
V=V, o(r—p), (24) matrix element of the perturbation and carry out the 
P integration over k,, x,, Ye after which Eq. (23) 


takes the form 


sala __ O£0\ sca ee 
ly=Vond 2 6x R | [(—eF oy / a \ Ve 2a,%(n—m) OF nhs (25) 
> \ je Me ey ee N2 se (En, — ES) dk, 


V 4 205 2 (a -- m) “11h 


kh, 
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Here ny is the concentration of the distortions. 


Summation over m is obtained with the aid of 
Poisson’s formula and yields 
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We substitute this in Eq. (25), sum over n and 
3» thus obtaining the final 
expression for /,. This expression is very 
cumbersome, but it becomes appreciably simpler if 


integrate over k 


21 N2 : 
»; omen ei ee ees (26) the following inequalities are satisfied: 
SV i a(n =m) : 
a exp {2n°kT /pH} > 1, om 
2 2h E's E's 
~ Vimy (ul)? [s Esk, + oH (n+ 3 z) Ens] AT2pH, p/L<1, 
RTs) Bore 
2nV on Ge Ae g (reeks ui Pte / ie 
3 Dy ey 17; ne © These conditions are usually satisfied in the 
Vimy (uty theory of dian tism at low t t 
y of diamagnetism at low temperatures. 
' For the current density in the direction OY we 
x (nn, + pH (n aa =)) get, for electrons in the lower levels of the upper 
band: 
ee DENTS oe 40n°V2 ATE 2) 
Ip a (r+ % 5) [gp Eat O.6rHEo— Eee RT ary, e— "COS | & 7) +...| 
OT £16 407 Vwi pa, —v, |. 
4 BT = (- bre Ey + Baie aye ae Ej!*e v1 — 44) sin(2,—7) =f. |} (28) 
2c? Qn°kT 2nEy . 
C= Von Pe TA ue Necharier? (29) 
and for the electrons in the upper part of the lower band: 
, _ mc OF,\[ 8 
jy, = Be (oF +92) [8 (a — Be}? + 0.6 Ft (Aa — Fo) 
40n?V2 kT (Ay—Fo)!* | y. — =) = 
ee ee cos (2 Z +...| 
1812 a : 
Sal Nee | ae BE) += eH — | 
eH seer] AD oe 7 (le i (2+) Rees tat ph | 
3Ve pa (Ao — Eo) *e * (1 — te) Sin |%2— Fe | (30) 
ta = 2ORT gH, eg =n (Ap— E,)/p,H (31) 


3. THERMOELECTRIC FIELD 


The theory of the thermal emf in a magnetic field, 


based on the kinetic equation? 5 shows that, upon 
unbounded increase in //, the longitudinal electric 
field (in the direction of the temperature gradient) 
becomes significantly greater than the transverse 
(their ratio is of the order of w7 ). We make the 
assumption that this conclusion is qualitatively 
correct in the case of interest to us: @ T > ity 
although the kinetic equation, strictly speaking, 


is valid only for @7< 1. An independent argument 
in favor of our assumption is the fact that a thermo- | 
electric field exists in the longitudinal direction, 
even in the absence of a magnetic field, while, 
under such conditions, there is no such field in the | 
transverse direction. Moreover, the change of 
_ thermal emf is always small in a magnetic field 

(experiments have not yet been carried out at low 
temperatures). 

If our assumption is correct, we can obtain the | 
thermoelectric field F by making use of Eqs. (28) 
and (30), and the equation 
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Jy, Ty, oe 0 


In this case the H~2 in front of Eqs. (28) and (30) 
drops out, as a result of which the terms which 
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increase rapidly with field are absent in the 
thermal emf case, in contradistinction to the cases 
of resistance and the Hall coefficient. If the above 
mentioned assumption is not correct, then such 
terms can appear in the thermal emf. We get 


pO e-20n noKeT? P 
P= Oy —B Oy AER mk (dq Ep | MEO mt (Ao — Ea) 
9 15 miVp HE! 
gp (tami — waH ms) + = en (1 — 1) sin (e)— 2) (32) 


45 mV u,H (Ag— By)"!s 


2nV2 kT 


In the single band model we have 


9 pH 


ef =— Se ET El 30 Eo 


e-%s(1 — 9) sin (.—4) ae L 


ss erie e-¥(1 —7)sin (e—3)+-.-.|; 


Rat mene ele tee l—y IV eh esin(e—) +... se 


Oy OT oy 


Thus the thermal emf must oscillate upon change of H, 


like the other physical quantities. The oscillating term 
has the factor \/ wHE ,/kT, of the same order of magni- 
tude as the corresponding term (/miE,, /kT) (kT /uH)? 
in the expression for the magnetic biseopuibility’ 
4. RESISTANCE IN A TRANSVERSE MAGNETIC 
FIELD AND THE HALL EFFECT 


The relative positions of the components of the 
current and field in the specimen are shown in 
_ Fig. 1. Inthe absence of a temperature gradient, 
the entire current is directed along the € axis. 
The resistance in the magnetic field is 


Py=l e/j = G/P)F, where ive jy,* ly, Making 
use of Eqs. (2), (30) we obtain 
a CR? (f, + fe) 
°n ech NP FC t he? 33) 
where 
v4 
— a a Eo 
(34) 
— 5x? Y 2 ——_ = e-*c08 —F)+...) 
a Tai 4 


_and f, is obtained from f, by replacing m, by m, 

and E, by A, - Ey. Equation (33) is valid only 

for wr — 1 Gin ears fields). For VN, =N,, Py 
increases proportionally to H?. white: for N it ie 
saturation is observed. 


nies, IL 


The ratio Fin) Migs introduced by Borovik! as a 
characteristic of the Hall effect at low tempera- 
tures, is equal to 


uy Ie — H(N;— Na) 


ig Cie newass) 


Equations (33) and (34) are. in conformity with 
the classification of metals “ according to the 
type of dependence of the resistance and the Hall 
field on the direction of the magnetic field. If 
N,#N,, the resistance increases up to saturation 
and the Hall field is proportional to 7. If VN, =/,, ,the 
resistance increases in proportion to Hos and the 
Hall fieldis very small. Itfollows from Eq. (35) that 


in this case a 0; this is dependent on our 
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approximation (in the expression for the current 1 /2= Ving 2m V 2mE, | 3h’. (37) 
j,» there must appear terms of much higher order 
relative to (w7)", which leads to a decrease of while for the mean free path we get 
Fin strong fields; this has also been 
observed! 2), 

The oscillations of the resistance and the Hall 1/Z=(1/%)V m/2£, = 2V ona m? / 3nh4, (38) 
field must differ in phase by 7; this has been 
observed in the experiments of Borovik! 2. The and 1/1 , as always, in scattering on impurities or 
mobility of the electrons enters onlv into the distortions, is proportional to the concentration of 
current 7; therefore, if the resistance decreases the impurities and does not depend on the 
under external pressure (as a consequence of the concentration of electrons. rd 
increase in the exchange integral A and, If we also keep all the other terms in iq. (28), 
consequently, the decrease of the effective mass then the free time of the electrons on the Fermi 
m), then the Hall field must increase. This has surface oscillates upon change of the magnetic 
also been observed by Alekseevskii ana Brandt! ©, field: 

The expression (28) for the current density (for 2V2a, m_;——— Oar. 
dl /dy = d) can be mane in the form ‘ ea ae /2mEg as THE Be 

Uy INGEN: 36 hls. ae ee 
s X36) — Sty 2 ee reos (e— |b...) 


which follows from the theory of Kohler‘ ® for 
wt > 1. In such a case, if we assume og = e’nt/m, Here we assume E, to be a constant quantity, 
we can estimate the mean free time of the since the corrections will be of a higher order of 


electrons. If we keep in kiq. (28) only the smallness than the terms considered. 
The author takes this occasion to express his 


thanks to Professor I. M. Lifshitz for his dis- 
cussions of the work. 


principal term (8/3)E? , we get 


ae N. E,. Alekseevskii and N. G. Brandt, Proceedings ——___ 
of the Conference on Low temperature Magnetism, Translated by R. T. Beyer 


Kharkov, 1954. 270 
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The magnetic susceptibilities of Eu,0,, Sm,O, (in two crystalline modifications ) and 
Sm.(C,0, J, ‘ 10H,O have been measured from 12 to 300° K. A strong dependence of the 
magnetic properties of the samarium ion on the crystalline structure of the compound in 
which it occurs was found. With a decrease in the effect of the crystalline field, the ex- 
perimental curves of the temperature dependence of the magnetic susceptibility approximate 
the theoretical curve of Van Vleck for free ions. An apparatus for measuring magnetic 
susceptibility over a wide temperature interval is described. 


1, INTRODUCTION 


HE investigation of the magnetic properties of 

the rare earth elements has played a significant 
role in the study of the structure of atomic electron 
shells. The magnetic susceptibility of the 
majority of the compounds of the rare earth ele- 
ments satisfies the Curie law. The compounds of 
europium and samarium are an exception. The 
splitting of the deepest multiplet levels is very 
small for the ions of these elements. The differ- 
ence in energy between the first excited level and 
the ground state E,- E, is comparable with the 


energy of thermal motion even at room tempera- 


tures. The magnitude of Gas = E Wk ~ 1400° K 


for samarium. As Van Vleck has shown!, this 
must lead to intrinsic anomalies in the tempera- 
ture dependence of the. magnetic susceptibility. 
For an explanation of the magnetic properties of 
europium and samarium, two circumstances must 
be considered. 


1. The smallness of the difference E, a L, 


indicates a significant effect of the quadratic 
term in the energy of interaction of the magnetic 
moment of the atom with the magnetic field. In- 


The magnetic susceptibility of Fu’ '" must satisfy 
this dependence. E, - E, for samarium is suf- 


ficiently large up to ~ 150° K this summation may 
be limited to only its first term. The testing of 


1 J.H.Van Vleck,The Theory of Electric and Magnetic 
Susceptibilities, Oxford, 1932. 


stead of the simple Curie law for the magnetic 
susceptibility, there results in this case the more 
complicated expression 


_ Neue +1) 


J 3k 


ON (1) 


1% ry 


in which there enters the temperature independent 
term NV a,. The latter arises when account is 


taken of nondiagonal matrix elements of the square 
of the magnetic moment. In the region of low 
temperatures the first term predominates, and the 
susceptibility varies in inverse proportion to the 
temperature. As the temperature is increased, the 
susceptibility approaches a constant limit. The 
magnetic susceptibility of the trivalent ion of 
samarium must satisfy this law for low tempera- 
tures. 

2. Moreover, because of the smallness of the 
multiplet splitting, a considerable portion of the 
ions are in excited states even at room tempera- 
tures. Formula (1) will be correct for such a group 
of ions, occurring in the equation with a given 
value of J. Van Vleck has derived the following 
general formula for the total susceptibility: 


£= Sy, (2I + exp {— E,/RT}] QI + l)exp {— E,,/ RT}. (2) 
+ Mf 


/ 


Van Vleck’s theory at the lowest possible 
temperatures is of very great interest. Sufficiently 
complete experimental results were not obtained in 
the works completed earlier by Wiersma and 
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Schultz? and by Trapnell and Selwood?. The 
present work is devoted to an experimental in- 
vestigation of the magnetic properties of the tri- 
valent ions of europium and samarium at low 
temperatures. 


2. APPARATUS AND SAMPLES 


The Faraday method, based on the measurement 
of the force exerted on a small sample placed in 
an inhomogeneous field, was used in the measure- 
ment of the magnetic susceptibility. 

A general view of the ap- 
paratus is schematically 
represented in Fig. 1. The 
magnetic field, in which the 
sample 2 under investigation 
was placed, was produced 
by the electomagnet J. 
Powdered samples were 
placed in a quartz tube of 
diameter 3 mm and height 5 
mm. The tube was sus- 
yrended by a long quartz 
thread 3 from one end of the 
Seam of a balance which 
served for the measurement 
of the force exerted on the 
sample. The balance beam 
og 4 had an arm 3 cm in length; 


member 5 made of bronze 
5 strip of thickness 30 p and 
width 0.6 mm. Screws 6 and 
7 served for the adjustment 
of the center of gravity and 
the attainment of =e ibnain 
in the absence of the field. 
The balance was provided 
with an oil damper 8 The 
position of the balance was 
observed by the deflection of 
a light beam on a scale lo- 
cated 2 m away. The force acting on the sample 
was balanced by the force of interaction of the 
magnetic field of the compensating coil 0, fed 
with alternating current, on a piece of permalloy 
suspended from the other arm of the beam. The 
tube containing the sample and the counterweight 
of permalloy were suspended from the beam arms 


Fic. 1. Diagram of 
the apparatus for the 


measurement of mag- 
netic susceptibility 
over a wide range of 
temperatures (10 - 


300° K). 


2 ~ 
E. C. Wiersma and B. H. Schultz, Physica 13, 171 
(1933). 


3 
B. M. W. Trapnell and P .W. Selwood, Nature 169, 
840 (1952): 


2 it was reinforced by a tension 
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by quartz threads (diameter 50). The balance 
and the suspended sample were enclosed in a 
hermetically sealed system consisting of the cover 
11 and the glass tubes 12 and 13. The lower part 
of the tube 13 was removable (as a section ) and 
had at the end a copper tube 16. Calibration of 
the entire apparatus was done by means of 
standard weights, certified by the All-Union In- 
stitute of Metrology. 

In order to allow the measurement of the mag- 
netic susceptibility over a wide range of tempera- 
tures, the tube 13, in which the sample was lo- 
cated, was surrounded with a vacuum jacket /4. 
This entire system was immersed in the Dewar 15, 
filled with either liquid nitrogen or hydrogen. A 
heating coil was wound on the copper tube 16. By 
sending current through the heater with a vacuum of 
~ 10-3 mm Hg in the jacket, we can easily cover 
the two continuous temperature ranges from 20 to 
90° K and from 77 to 300° K. 

The temperature was measured by means of a 
copper-constantan thamocouple soldered to the 
copper tube. It was ascertained that the tempera- 
ture of the sample was always sufficiently close 
to the temperature of the copper tube surrounding 
it. 

The described apparatus allowed the measure- 
ment of the magnetic susceptibility over a wide 
temperature interval. 

The sensitivity of the balance was ~0.003 mg 
per 1 mm deflection of the light.beam. Three 
field intensities, from 2 to 6 kilo-versteds, de- 
pending on the susceptibility of the sample, were 
used in the susceptibility measurements. With 
a maximum field intensity and with a sample of 
weight ~ 10 mg, the sensitivity of the arrangement 
was ~ 1078 cgsu per 1 mm deflection of the light 
beam. We estimate the accuracy of the de- 
termination of the absolute value of the suscep- 
tibility as 3-4%. The accuracy of the relative 
measurements was ~ 1.5%. 

All the samples we investigated had the form of 
microcrystalline powders. Measurements were 
made on portions of ~10 mg, and were made on 
at least two portions of each compound. The 
majority of the compounds were kindly prepared 
for us by I. VN. Zaozerskii and were of special 
purity. The quantity of impurities in the sample 
of Fu,a, did not exceed 0.1% and was less than 


0.01% in the samples of Sm,0, (1) and 
Sm, (C,0,), ° 10R 20. On being stored for a long 


time, the oxides of samarium and europium absorb 
carbon dioxide and water. Fence, they were all 
kept at a temperature of 800° © for two hours be- 
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fore the measurements. In the case of samarium, 
measurements were also made with unheated ox- 
ides. In this latter case a correction was made 
for the weight of the absorbed carbon dioxide and 
water. 


3. MAGNETIC SUSCEPTIBILITY OF Eu,0, 


One sample of Eu,0, was investigated. A 


diamagnetic correction, which we took as -0.35 
x 10°° cgsu, corresponding to the results of the 
measurement? of the susceptibility of La,0,, was 


made to the measured specific susceptibility. 
The temperature dependence which we obtained 
for the gram-atomic magnetic susceptibility of the 
Futtt ion is shown in Fig. 2. The dashed curve 
was given in reference 3 on the basis of values 
of the susceptibility at only 4 temperatures. (The 
experimental values are indicated by small 
crosses.) The results of Trapnell and Selwood 
agree sufficiently well with our results, although 
they drew their curve erroneously because of an 
insufficiency of experimental points. 


J 
pa 


HOO T°K 


FIG. 2. Temperature dependence of the atomic mag- 
netic susceptibility of the Eu’ ‘tion: the continuous 
curve is according to the theory of Van Vleck}, the 
points + are the results of Trapnell and Selwood3 , and 


the points O are the results of the present work. 


As is clear from Fig. 2 our results agree quite 


well with the theoretical conclusions of Van Vleck ee 


44. Frank, Phys. Rev. 39, 119 (1932). 
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At low temperatures, for which all the europium 
ions are in the ground state with / =0, only the 
constant term remains in Eq. (2): x, = Notes. The 


susceptibility actually remains constant up to 
~40° K. From the magnitude of this suscepti- 
bility, x, (Fut**) = 8.42 x 10-3 cgsu, the differ- 
ence in energy between the ground and first ex- 
cited levels can be calculated. The value which 
we obtained, L, - FE, = 250 cm”!, lies essentially 


lower than the value of 400 cm7! obtained from 
spectroscopic data’. !owever, it agrees well with 
the value calculated by Van Vleck for a shielding 
constant of 0 = 34. It should also be noted that 
the value of the overall width of the multiplet 
~5200 cm7! calculated from our value of E,- Ey 


coincides with the value 5000 cm7! obtained from 
spectroscopic results. 

The number of ions in the ground state decreases 
with an increase in temperature, and the suscepti- 
bility which depends on these ions falls according to 
the law y = Na. /(1+3exp{ —(£,-E,)/kT$). 
The overall susceptibility falls somewhat more 
slowly, since the ions which are in excited states 
also contribute to the susceptibility. Our results 
agree quite well with Van Vleck’s formula (2) 
if we take FE, - Ey = 250 em7!. A small dis- 


crepancy is observed only in the region 60-100°K, 


where the values of the susceptibility lie some- 
what below the theoretical curve. 


4. MAGNETIC PROPERTIES OF THE TRIVALENT ION 
OF SAMARIUM 


The magnetic properties of Sm*t* were studied 
in two compounds: Sm,0, and Sm,(C,0,), ° 10H,C. 


Two samples of Sm,0, were investigated: one 


sample (I) a product of the  ahlbaum firm, the 
purity of which, according to the results of a 
spectroscopic analysis*, was not less than 99.0%, 
and the other sample (II) prepared by I. N. Zaozer- 
skii. The latter sample was of very high purity 
(~ 99.99%). Investigations were carried out with 
both samples, both before heating them and after 
heating them. 

Preliminary experiments on the magnetic sus- 
ceptibility of both samples of Sm, gave a basis 


for supposing that we had to do with two crys- 


* The authors extend their thanks to S. A. Borovik, 
who carried out the spectial analysis of this compound. 


5M. A. EViashevich, Spectra of the Rare Earths, 1953. 
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talline modifications. X-ray photographs* con- 
firmed that for sample I the crystalline structure 
of the heated compound differed essentially from 
the structure of the unheated compound, while for 
sample II both structures were nearly the same. It 
is known from the literature (see, for example, 
reference 6) that at room temperatures Sm,0, has 


a body-centered cubic lattice (of the type of Mn,0,) 


with 16 molecules in the elementary cell. A new 
crystalline modification is formed at a temperature 
of 720° C. This modification has been little 
studied; it has a pseudotrigonal structure. Evi- 
dently in the freshly heated sample I we were 
concerned with the supercooled high temperature 
pseudotrigonal modification of Sm,O,. The re- 


maining forms had the cubic structure. It should 
be emphasized that in the very pure compound 
(sample II) supercooling does not occur, and we 
are at all times, both before and after the heating, 
concerned only with the equilibrium low tempera- 
ture modification. We assume that the presence of 
impurities in sample I facilitated the formation of 
the high temperature modification. 

The results of the investigation of the 
temperature dependence of the magnetic sus- 
ceptibility of both samples are given in Fig. 3. 
Within the limits of error of the measurements, all 
the points lie on two separate curves. Curve 2 
cprresponds to the results obtained for the heated 
sample I, that is, for the pseudotrigonal structure 
of Sm,0,. The results obtained at Leyden? in 


1936 are also put with this curve. The results 
obtained for both unheated samples describe curve 
I. The results obtained for the heated sample 

II also coincide with them. Thus this curve cor- 
responds to the cubic modification of Sm,0,. 


Both curves agree qualitatively with the 
theoretical curve of Van Vleck, although the 
quantitative discrepancies, especially at low 
temperatures, are very significant. It would be 
natural to suggest that these discrepancies depend 
on the effect of the crystalline field (see below). 
Hence it would be desirable to carry out an in- 
vestigation of the magnetic properties of Sm*** in 


* The x-ray photographs of the samples were taken 
by V. P. Tarasova and D. I. Graevskaia, with the kind 
assistance of V. I. Iveronova. The authors express to 
them their deepest thanks, 


VY. I. Iveronova, V. P.Tarasova and M. M. Umanskii, 
Vestn. Moscow Univ. 8, 37 (1951). 
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FIG. 3. Temperature dependence of the atomic mag- 
netic susceptibility of the Sm ion. Curve I is for 
the cubic modification of Sm,O,: O for sample I, @ for 
sample II; curve 2 is for the pseudotrigonal modification 


of Sm,0,: O for sample I, ® for the Leyden results’; 
curve 3 is for Sm, (C,0, de * 10H,O; curve 4 is the 


theoretical curvel. 


another compound, where the effect of the crys- 
talline field would be smaller. Samarium oxalate 


(Sm,(C,0,), *10H,O), a salt favorably dis- 


tinguished by its great number of molecules of 
water of crystallization and the constancy of their 
number, was chosen. The H,C molecules surround 
the Sm ion in the crystal of the salt and sig- 
nificantly lower the inhomogeneous crystalline 
field acting on the ion. The results obtained for 
the sample of Sm,(C,O, ), ° 10H ,O are also given 


in Fig. 3 (curve 3). They much more nearly co- 
incide with the theoretical curve, deviating from it 
by only 20% for 20° K. 

With the aid of the value of y(Sm***) = 1.07 
x 10-3 cgsu ( at 293° K), obtained for Sm (C,0,)5 


“10H ,O by formula (2), the difference in energy 
between thetwolowest levels of the Sm*** multi- 
plet was calculated. The value EF, - EF, =1020 em? 


(equivalent to 1470° K ) obtained agrees suffi- 
ciently well with the value 1100 cm7} obtained from 
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spectroscopic results®. It lies between the two 
values (1070 cm”! and 932 em!) theoretically 
calculated by Van Vleck! for the two shielding 
constants 0 = 33 and o =34. 

The significant deviations of our results for the 
magnetic susceptibility of the two modifications 
of Sm,O, from the theoretical curve for free Sm**t 


ions must be explained by the effect of the crys- 
talline field. The question of the effect of the 
crystalline field on the magnetic properties of the 
ions of the rare earth elements has been con- 
sidered in a number of theoretical investiga- 

: 7-9 i 

tions ‘~”. In particular, the effect of the erys- 
talline field on the magnetic properties of Sm 


kT 


where AW, and AW, are the energy differences be- 
tween the two corresponding upper and lower sub- 
levels. The values of the effective magnetic 
quantum numbers of each of the sublevels are ob- 
tained as a linear combination of the magnetic 
quantum numbers of the free ion® M: 


Mi ot = lau l?M, (4) 
M 


where the On are the coefficients in the expansion 
of the wave functions corresponding to the ith sub- 
level, for the wave functions of the ion in a field 
of cylindrical symmetry. The general solution of 
the problem of the calculation of the particular 
form of formula (3) requires a knowledge of the 
symmetry of the crystalline field and the formof 
its potential. However, in many cases it may be 


assumed that the M, .,, are approximately equal to 


the corresponding values of the magnetic quantum 
number of the free ion!!’!2°5. For Sm one 
should put into the formula the respective values 


M = +1/2, +3/2, +5/2. We have taken M, =+1/2, 
M, = +3/2, M, =+5/2. 


7. Bethe, Ann. Physik 3, 133 (1929). 
8 H. Kramers, Proc. Amst. Acad. 35, 1272 (1932). 


° W. G. Penney and R. Schlapp, Phys. Rev. 41, 194 
(1932). ; 


11k Hellwege, Ann. Physik 4, 95 (1948). 
12. Giesekus, Ann. Physik 8, 350 (1951). 


Negus My ett + Me ese exP {—AWiV/kT} + M5 oop exp {— AW2/RT} 
1+ exp {—AW,/kT} + exp {— AW,/kT} 
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in the salt Sm(SO,), “7H ,O was investigated by 


Miss Frank !°, However, her considerations were 
limited to the temperature region 70-300° K, where 
the effect of the crystalline field may be con- 
sidered insignificant. 

The crystalline field splits the sixfold degener- 


ate ground level of the samarium ion ( ey )into 


three twofold sublevels, each of which may be 
characterized by the effective magnetic quantum 
number +M, .,,- In this case the value of the 


susceptibility will be determined not by formula 
(1), but by the more complicated formula 


+ Na, (3) 


By comparing the resulting formula with the ex- 
perimental results, we determined the values of 
the parameters AW, and AW, which occur in the 


formula. For the cubic modification of Sm,0, we 
obtained: AW, =0 and AW, =52 em”? (equivalent 


to 73° K). For the pseudotrigonal modification 
of Sm,O, we found AW, = 20 cm! (29° K) and 


AW, = 150 cm-*(218° K). 


Our experimental results are shown in the graph 
of Fig. 4, where the coordinates are 1/y and T. 
Curve 4 of this graph corresponds to Van Vleck’s 
formula (1), curves J and 3 were calculaied accord- 
ing to formula (3), using the values of the con- 
stants introduced above. Although a rather rough 
assumption on the replacement of ee by M was 


made in the construction of these curves, a con- 
sideration of them gives a basis for some general 
conclusions. First, when the corresponding set 
of constants is used in Eq. (3), it will describe 
witha sufficient degree of accuracy the results 
obtained for the magnetic susceptibility of the 
samarium ion in various compounds. Second, for 
all the compounds of samarium which were inves- 
tigated, the value of the effective magnetic quan- 
tum number corresponding to the lower sublevel 
must be less than the M_,, corresponding to the 


upper sublevel, since only in this case do we ob- 
tain curves situated above the curves for the free 
ions. Giesekus!?, in his calculations on the 
splitting of the levels in Sm, (RrO, ), “97,0 ar- 


10 «| Frank, Phys. Rev. 48, 765 (1935). 
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190 T°K 


Fic. 4. Temperature dependence of the reciprocal of the atomic magnetic 
susceptibility of the Sm*tt jon. Curve J is for the cubic modification of 


Sm,0,: O for sample I, @ for sample II, the continuous curve is by formula 
(3) (AW, =O; AW, =52 cm ); curve 2 is for the pseudotrigonal modification 
of Sin, O,: O for sample 1, @ for the Leyden results”, the continuous curve is 


by formula (3) (AW ,=20 em7!, AW,=150 em”); curve 3 is the straight line 
y 1 2 


example explained in the text; curve 4 is the theoretical curve for free ions “. 


rived at the opposite result. 
Third, for sufficiently low temperatures the mag- 
netic susceptibility must follow the Curie law 


X = C/T, in which C =(Ng7u5 /k) x(2M?,,/i), 


1 


CONCLUSIONS 


In summing up the work reported, we may draw 
the following general ccnclusions: 

1. The temperature dependence of the magnetic 
susceptibility of Fu,O, agrees sufficiently well 


where the summation is taken over all the M ,,, of with the theoretical dependence of Van Vleck. The 


small deviation in the region 40 - 80° K may be 
explained by the splitting up of the first excited 
level, since this must lead to the decrease in sus- 


the lower sublevel and i is the degree of degeneracy 
of this sublevel. For the cubic modification of 
Sm,O, the magnitude Gl/id SMF: must be of the order 


10/8, that is, approximately 2.3 times as small 
as the value J (J + 1)/3=35/12 obtained for 
the sixfold degenerate level oH . The value of 


C for an ion in the crystalline field will always be 
less than the value of C for a free ion if the 
M ote of the lower sublevel is less than the M att of 


the upper sublevel. As an example, the straight 
line 3 - 1/x = T/C,, where C, is calculated on 


the assumption that the lower sublevel has M ote 


=+ 5/2, is drawn in Fig. 4. 
It should be remarked that, although from 300° K 


to ~ 70° K the results obtained for Sm, (G202); 


10H,O very nearly coincide with Van Vleck’s 
curve, the experimental points deviate from this 
curve at low temperatures and approach curve J. 


ceptibility beginning at lower temperatures. 

2. The magnetic properties of the Sm*** ion 
(especially at low temperatures ) depend very 
strongly on the crystalline lattice in which it is 
found. 

3. When a small amount of impurities is present, 
samarium oxide which has been heated to 800° C 
keeps the crystalline structure of the high 
temperature phase when it is cooled to room 
temperature. The magnetic properties of the 
equilibrium and supercooled phases of Sm,O, are 


essentially different at low temperatures. The 
deviation of the temperature dependence of the 
magnetic susceptibility of both crystalline forms 
of Sm,O, from Van Vleck’s theory for free ions 


may be qualitatively explained by the splitting of 
the ground state of Sm*** in the field of the lat- 
tice. 


MAGNETIC PROPERTIES OF TRIVALENT IONS 


4. The temperature variation of the magnetic 
susceptibility of samarium oxalate, for which the 
effect of the crystalline field should be small, is 
very close to the theoretical curve for free ions. 

5. Energy differences between the first ex- 
cited state and the ground state were calculated 


from the magnetic data. The values obtained 
(250 cm! for Eu*** and 1020 cm=! for Smt++) 
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agree quite well with spectroscopic results. 

In conclusion, the authors wish to express their 
deep gratitude to Professor P. G. Strelkov for his 
Constant interest in the work and to Professor 
I. N. Zaozerskii, who kindly prepared the samples 
and gave us a numb-r of valuable suggestions. 


Translated by M. G. Gibbons 
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Methods of Investigating the Width of Raman Lines and Their Application 


P. A. BAZHULIN, S. G. Rautian, A. I. SoKOLOVSKAIA AND M. SUSHCHINSKII 
P. N. Lebedev Institute of Physics, Academy of Sciences, USSR 
(Submitted to JETP editor July 15, 1954) 
J. Exper. Theoret. Phys. USSR 29, 822-829 (December, 1955 ) 


The effect of various factors on the observed width of Raman lines was considered, and 
methods of excluding the effect of these factors on the results of measurements are described. 
Results are given of measurements of the width of a number of Raman lines uSing a prism 
spectrograph with large dispersion. A comparison is made of the data obtained with data 


found by other methods. 


STUDIES of the width and the form of Raman 
e lines are of great interest from the viewpoint 
of obtaining data on intramolecular and inter- 
molecular interactions. The knowledge of the 
width of these linesis also very important for the 
correct selection and substantiation of the meth- 
ods of measuring intensities. However, the 
width and the form of lines remain (up to the 
present time ) the least investigated parameters 
in Raman spectra, owing to the fact that their in- 
vestigation is associated with great experimental 
difficulties. These difficulties were, apparently, 
successfully overcome for the first time in the 
~ work of Sterin!, although attempts to carry out 
such measurements were made many times pre- 
viously 2°?. In the work of Sterin two Raman lines 
were studied with the aid of a Fabry-Perot etalon: 
the line Av = 992 cm“! of benzene and Av=802 cnr 
of cyclohexane. Irrespective of the fact that these 
belong to the strongest (and narrowest) Raman 


| = Kh. E. Sterin, Dissertation, Inst. of Physics, Acad. 
\.Sci. USSR, 1949; Izv. Akad. Nauk SSSR, Ser. Fiz. 14, 
‘411 (1950). 


=P, Shorygin, Zh. Fiz. Khim. 15, 1072 (1941). 


3 A. C. Manzies, Proc. Roy. Soc. (London) 172, 89 
(1939), 


1 


lines, the interferometric method of measuring 
proved very difficult. Hence, this method would 
not be very suitable for the study of weaker 
lines. Also, additional difficulties arise when it 
is necessary to study the wider lines, owing to the 
fact that the dispersion region of the Fabry-Perot 
interferometer is inadequate. For this reason, we 
developed indirect methods for the evaluation of 
the widths of the Raman lines. Such indirect 
methods are the “‘photometric’’ method, based on 
the study of the dependence of the intensity of 
lines on the width of slit of the spectrograph*’®, 
and the method of the “‘effective width’’ of lines, 
based on a comparison of the integral intensities 
with the intensities at the maximum of the 
lines®’?’®, These indirect methods are essenti- 
ally based on the data obtained in the work of 


* M. M. Sushchinskii, Izv. Akad. Nauk SSSR, Ser. Fiz. 
11, 348 (1947). 
5 M. M. Sushchinskii, Trudy Fiz. Inst. Akad. Nauk 5, 
185 (1950); 
6 M. M. Sushchinskii, Izv. Akad. Nauk SSSR, Ser. Fiz. 
14, 387 (1950). 
7M. M. Sushchinskii, J. Exper. Theoret. Phys. USSR 
22, 765 (1952). 

8 M. M. Sushchinskii, Izv. Akad. Nauk SSSR, Se. Fiz. 
17, 608 (1953). 
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‘Sterin + 

The development of indirect methods does not 
minimize, of course, the importance of studying 
the forms and the widths of lines by direct 
methods, the more so because the indirect methods 
are not suitable for the study of the line con- 
tours. In addition, for the development and sub- 
stantiation of the above-mentioned indirect me th- 
ods of evaluating the width of lines, the data of 
Sterin are not sufficient, since they relate only to 
a class of the sharpest Raman lines. Therefore, 
the problem arose of obtaining by direct methods 
new data on the width and shape of lines of 
various types. The present work deals with the 
development of a procedure for measuring the 
width and the contour of Raman lines with the aid 
of a spectrograph of medium dispersion. Wehave 
also compiled the data of measurements for a 
number of different types of Raman lines. 

2. In the study of spectral lines it is neces- 
sary to take into account a number of factors ex- 


TABLE I 


o 
ee g 
S 3 £ 
pectrograph re 
fc ~ 
ond wa 
= a 
A SD 
o 
< = 
ISP o5 ee eee. 
VelIS. . opareWeus 
Diffraction 
Lattice** , 


* All data given are calculated for the line 4358 A. 
** This apparatus will be described in more detail sep arately. 


*** When a narrow slit is used for the photographing of the spectra. 


where f is the focal distance, d the effective 
diameter of the objective of the collimator, D the 
linear dispersion of the instrument. We have not 
taken into account the effect of defects in the 
optical system of the spectrograph, since these are 
to some degree individual characteristics. For 
the apparatus function of the photolayer, in agree- 
ment with the data of the photoplates used, we as- 
sumed a width of the order of 0.015 mm. The 
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erting an influence on their observable width and 
shape. Such distorting factors can be diffraction 
on the aperture diaphragm of the spectrograph, de- 
fects in the optical system, the final value of the 
width of slit and the resolving capacity of the 
photolayer. In the case of Raman lines, it is also 
necessary to take into account the width of 

the exciting line. The broadening produced by 
each of the factors enumerated above can be 
characterized as an “‘apparatus function,’’ which 
corresponds to the action of a given factor under 
the condition of a neglibibly small effect of all the 
other factors. In order to illustrate the role of 
each of the distorting factors, we have compiled 

in Table I an approximate evaluation of the 

width of the apparatus function corresponding to 
each of these effects for several types of spectro- 
graphs. For the characteristic of diffraction 
broadening the values of the normal width of 

slit are given by 


S= =D, 


ae ra ; * 
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value of the width of the exciting line was taken 
as that of a lamp with cooled electrodes?® from the 
measurements with a Fabry-Perot etalon. 

Some idea of the total action of all the dis- 
torting factors considered above is given by the | 
observed width of the exciting line. The values | 


° M. L. Sosinskii, Izv. Akad. Nauk SSSR, Ser. Fiz. | 
17, 621 (1953). 
1 
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of this quantity for the three spectrographs ‘we have 
considered are given in the last column of Table I. 
3. It should be kept in mind that the distorting 
action of each of the factors considered above de- 
pends not only on the width and on the shape of 
the corresponding apparatus functions, but also 
on the shape of the lines under investigation. 
Therefore, a separate account of the effect of 
each of the distorting factors in the study of the 
width and the shape of Raman lines is associated 
with considerable difficulties. However, an in- 
dividual account of these factors is not at all re- 
quried: in order to exclude completely the effect 
of all the distorting factors, and to find the real 
contour from the observed contour of a Raman line, 
it is sufficient to have the data on the observed 
contour of the exciting line. This problem was 
considered in detail in a previous paper!°. Ac- 
cording to the data of this study, for the real 
contour of the Raman line p, we have: 


pala 
u) oi 
en = ae \ Rayon, () 
where 
ic. 
K(u) = rm S R (x) ef dx; 
i. ate 
Ky (a) = 7 \ ke (x) et dx, 


and k(x) and p(x) are the observed contours of 
the Raman and the exciting line, respectively. It 
is significant that for the determination of the real 
contour of the Raman lines it is not required to 
know the apparatus function of the spectral instru- 
_ ment used and the real contour of the exciting line, 
the experimental determination of which is associ- 
ated with great difficulties; however, the observed 
contours of the Raman line k(x) and the exciting 
line k(x), entering into the expressions for K (u) 


and Ky (u), can be determined comparatively 
simply. 

Calculations by Eq. (1) can be carried out very 
easily, when the observed contour of the exciting 
line is disperse Examples of finding the real 
contours of the Raman lines of various shape for 
this case are given in reference 10. If, however, 
the observed contour of the exciting line k g(x) is 


-oM..M. Sushchinskii, J. Exper. Theoret. Phys. USSR 
25, 87 (1953). ; 
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not disperse, then we may consider the dispersed 
curve ky) as having the same width as the first 
approximation, and the difference 


Aks = kp — Ry (2) 
as the correction. Moreover, 
{Ene 
Ky (u) = = | fey (ex) oe 


+ Ak, (x)] e!™* dx = K (4) + AK; (x), 


where 


oo 


IK (u) = fe | Bbseltrd 


-—-co 


Substituting (3) into (1), and assuming approxi- 
mately that 


B D 
we find: 
teen Wa ie ee 1 
PS Rae | ( ea ee (4) 


‘CO 


K (uw) AK, (u) 
K® Ky® 


—oo 


ee dy, 


The second term of this expression represents the 
correction to the contour of the Raman line which 
should be introduced so as to take into account 
the deviation of the observed contour of the exist- 
ing line from the dispersed curve. 

Our experiment shows that approximating the 
observed contour of the exciting line with the 
dispersed curve gives in practice satisfactory 
results in the majority of cases. Of the factors 
which may lead to deviations from the dispersion, 
the most significant, apparently, is the fairly wide 
slit width with which, for a number of reasons, it 
is necessary to photograph Raman spectra. When 
the same width of slit is used for photographing 
the exciting line, the latter will be distorted in 
such a manner that in its observed contour the 
drop in intensity at the edges will occur faster 
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than in the dispersed curve of the same width. In 
this case, instead of calculating the correction by 
Eq. (4), a faster and more effective solution of 
the problem of obtaining the real contour of the 
Raman line from the observed contour may be 
attained by an initial exclusion of the effect of the 
width of slit. 

Methods for the exclusion of the width of slit 
are developed in the work of Rayleigh Runge ee 
Paschen?® and others. For our purpose, it is 
sufficient tousethe simplest Rayleigh version 
which consists in the following: Under conditions 
of almost incoherent illumination of the spectro- 
eraph slit, the observed contour of the spectral 
line can be expressed in the form 


| 8Q)a, 6) 


where 2s is the width of the slit, and W(A) is the 
contour of the line at an infinitely narrow slit de- 
pending on all the other distorting factors. Ap- 
proximating the furiction W(A) along the length of 
the slit by the parabola 


b (A) = a+ b+ ¢, (6) 


we obtain: 


F(x) = 9 (x) +s? /3. (7) 


Assuming that the change in a is small when we 
substitute W(x) by f(x), we find a from the ob- 
served distribution; then 


¥(x) = f(x) —as*/3. (8) 


Rayleigh proposed the use of a graphic method, 
instead of the analytical, for the determination of 
the correction as*,/3, which can be reduced to the 
following: from the points x - s and x + s on the 
abscissa perpendiculars are extended until they 
cross the curve f(x); the points of intersection are 
joined by achord, and one third of the cut-off ab 
(Fig. 1) is added (or subtracted ) to the ordinates 
f(x). Carrying out the same operation for a 
number of points x, it is possible to construct the 


11 Rayleigh, Phil. Mag. 42, 441 (1870). 
12 
C. Runge, Z. Math. 42, 205 (1897). 
13 
F. Paschen, Wied. Ann. 60, 712 (1897). 
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complete contour of the line corresponding to an 
infinitely narrow slit (this operation does not take 
more than 10-15 minutes). 


LS © L+S pr 


Fic. 1. A graphical method for excluding the 
effect of the width of slit. 


Thus, we can exclude the distortions produced 


by the extremity of the width of slit in the combina | 


tion line. In order to take into account the re- 
maining factors, the exciting line is photographed 
with a slit of not more than 0.2 - 0.3 sj. Then, 
the limitations superimposed by the partial in- 
coherence of the illumination are removed, and the 
distorting effect of the slit is negligibly small, 
since its width is 10-15 times smaller than the 


width of the remaining apparatus function. Account | 


of the remaining apparatus distortions (together 
with the exciting line ) is taken by the methods 
described above. 

Thus, the procedure which we are proposing for 
the investigation of the contours and the 
width of the Raman lines can be reduced to 
the following: 

a) The photographing of the Raman spectra with 
the aim of obtaining the highest possible in- 
tensity may be carried out with a sufficiently wide 
slit. The width of slit, however, should not ex- 
ceed one half of the width of the line studied; 
under this condition the distortions introduced by 
the slit are still negligible; 

b) When at the width of slit, with which the 
photographing of the Raman spectra is carried out, 
the observed contour of the exciting line is found 
to be dispersed, then to obtain the real contour of 
the 8 aman lines from their observed contour can 
be reduced to the analytical operations described 
in reference 10. In the simplest case, when the 
observed contour of the Raman line is also 
dispersed, then it is only necessary to subtract 
the observed width of the exciting line from the 
observed width of the 
the real contour of the 
dispersed; 


Raman line 
Raman line 


; moreover, 
remains 


WIDTH OF RAMAN LINES 667 


c) When the contour of the exciting line differs 
noticeably at the width of slit used in the photo- 
graphing of Raman spectra from the dispersed 
(whereupon the drop in intensity at the edges of 
the line occurs faster than for a dispersed line of 
the same width ), then the photographing of the 
exciting line should be carried out at a narrow 
slit (several times smaller than the normal width 
of slit). Thus the distorting effect of the slit is 
removed and the contour of the line should ap- 
proach that of the dispersed. The distorting ef- 
fect of the slit on the contour of the Raman line 


is excluded by the graphic method described above. 


From the ‘‘restored’’ contour of the Raman line its 


real contour can be obtained as in step b) ( by 
using the contour of the exciting line photographed 
with a narrow slit); 

d) It may be found that the contour of the ex- 
citing line photographed with a narrow slit differs 
noticeably from the dispersed. In this case the 
required corrections may be found by Fa. (4). 

For the practical application of the methods 
described in this section it is, of course, neces- 
sary to take into account the actual accuracy of 
measurements. An analysis of the material 
available at our disposal shows that the correc- 
tions for the deviations of the contour lines from 
the dispersed form are not very significant. With 
a limited accuracy of measurement, attempts to 
make the data more precise by introducing such 
corrections may prove illusory. Thus, in many 
cases, the introduction of corrections is not 
justified, and the actual refinement of the data 
can be carried out by a simple subtraction of the 
observed widths of the Raman and the exciting 
lines. 

4. Using the methods described, the width of 
the Kaman lines in the spectra of a number 
of hydrocarbons was measured. The photo- 
graphing was carried out with a triprism 


spectrograph V III * (the parameters of the instru- 
ment are given in Table I.) The width of 

slit used in the photographing of the Raman 
spectra was 0.03 mm, which cor- 


* The measurements of the width of Raman lines with 
the aid of the spectrograph were carried out also by 
Chulanovskii and co-authors However, the pro- 
cedure they used is suitable only for fairly narrow 
lines. 


= V. M. Chulanovskii and A. Mironova, Izv. Akad. 
Nauk SSSR, Ser. Fiz. 12, 560 (1948); V. M. Chulanov- 
skii, M. P. Burgova and A. N. Mironova, Izv. Akad. 
Nauk SSSR, Ser. Fiz. 14, 406 (1950). 


responded to 1 cm! jn the spectrum ( the given 
spectrograph has a magnification of 0.7; the dis- 
persion of the instrument in the region of the line 
4358 A represents 56 cm7! per 1 mm). The photo- 
graphing of the exciting line (the source --a lamp 
with cooled electrodes ) was carried out also with 
a slit of 0.03 mm in one series of the experi- 
ments, and with a slit of 0.002 mm in the secoad 
series. For the exact installation and measure- 
ment of the width of slit the diffraction method 
described in reference 15 was used. 

The spectra were photographed on ‘‘Zenit 700”’ 
plates. The exposure on the average was 7 
hours. The photometering was carried out onthe 
microphotometer MF'-2 with a 30-fold magnification, 
at a slit width of the photometer 0.15-0.20 mm. 

The observed width of the exciting line in the 
photographing with a slit width of 0.002 mm was 
equal to 


5, = 0.019-4-0.003 mm 


or 0.1 + 0.15. cm7! in the spectrum. The measure- 
ments carried out with lines of the iron spectrum, 
obtained at the same slit width, showed that the 
width of the apparatus function is maintained over 
the length of the spectral region in which the 
Raman lines were located. 

When photographing with a width of slit of 0.03 
mm, the observed width of the exciting line was 
equal to 0.028 +0.003 mm (or 1.6 cm-! in the 
spectrum). The study of the contours of the ex- 
citing line showed that they approximate the dis- 
persed. However, the drop in the intensity when 
moving away from the maximum of the line occurs 
somewhat more rapidly than for the dispersed 
curve. These deviations are more noticeable when 
the exciting line is photographed at a width of 
slit of 0.03 mm. Hence, in the refinement ot the 
data of the Raman lines we excluded the ef- 
fect of the width of slit by the method described 
in Sec. 3. It was found in practice that the ex- 
clusion of the width of slit introduces into the 
final results a small, but systematic correction 
amounting to 0.2-0.3 cm-! for narrow lines, and 
0.3-0.5 cm! for wide lines. 

The deviations from dispersion of the exciting 
line, obtained with a narrow slit, give a correction 
which, when evaluated by formula (4), is found to 
be within the limits of experimental errors. There- 
fore, this correction was not taken into account. 

The results which we have obtained for a number 
of Raman lines are given in Table Ii. The in- 
vestigation of the line contours showed that, 
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within the limits of experimental errors, they can 


all be described by the dispersion curve. 


TABLE II 
] 

il tete 5 Or ainy ats 
Substance | =i | foo [Sem *lispsie |  ] | v-in 

cm cm cm 
Heivenese! 1-508 SAP e 52thle240 || S20" A008 Pe ae eom ean 
1031 | 230 2.0 130 AES 128) (120 
M211 | 960 | 3.%4ei up 120th 222) | ee lela 00 
1605) "S10 | 6.5 Soe a006, eto ue oO 
Cyclohexane ..... 4o2 | 500 | 2.0] 250 | 2.0 | 2.0] 250 
1029 | 480 | 10 105 AAG |) U4 65 
1267 | 440 | 11 90 AS) \\ G2 — 
1445 | 470 | 12 85 aoe elle 50 
Cyclopentane ..... 889 | 550 9 150 3.0 8 90 
1031 | 270 | 20 44 Os || ae 18 
1449 | 300 | 17 als Wa bee eae) 24 
Cyclopentane ..... 900.|-850. || 5325 eA 40pm 2e5— ne See 
440831, 460) || 86-6" ae 1 S0eU le oeo ae 00 
1614 | 380 3.2 150 2.9 atl — 
Methyleyclohexane . . .| 770 | 300 3.2 115 2.6 4.0 — 


* The data on the intensities at the maximum of the lines (ISP-51), used in 
the Table, were obtained by taking into account a great many repeated 
measurements of these values, carried out by Kh. E. Sterin and V. T. 
Aleksanian at the Commission on Spectroscopy in the Dept. of Physico- 
Math. Sciences, Academy of Sciences, USSR. 


5. The selection of the objects for investigation 
was determined in this study mainly by the desire 
to obtain data for lines of diversified width 
belonging to different classes of hydrocarbons and 
types of vibrations, so as to obtain material which 
could be used for a more strict substantiation of 
the method of the effective width of lines, pro- 
posed previously®~’. In the method mentioned, 
the evaluation of the width of lines 6,,, was 


carried out by a comparison of the integral in- 
tensities /,, with the intensities /, at the maximum 


of the lines 


Oeff = 1, / 1. (9) 


When using this method, the required normaliza- 
tion should be based on the data of direct me asure- 
ments of the width of several lines. Upto the 
present time such measurements are only those of 
Sterin relating to two completely symmetrical 
lines: benzene (Av = 992) and cyclohexane ( Av 

= 802), with a width of 1.8 and 1.9 cm", re- 
spectively. In subsequent investigations it was 


found that such a normalization cannot be used 
for lines differing greatly in width, since the 
ratio of the intensities at the maximum /, for 
lines of different width, generally speaking (see 
reference 5), does not correspond to the ratio of 
these values at an infinitely narrow exciting line. 
But, according to the meaning of Eq. (9), the 
values of /, for the photographic conditions enter 
into it. Under these conditions the distortions 
associated with the end width of the exciting 

line (and apparatus distortions ) are completely 
excluded. When we use values for /, not obtained 
under such “‘ideal’’ conditions, the values of 


5.4, determined by Eq. (9) will have a definite 


provisory meaning, since they are singularly con- 

nected with the real width of lines 5. However, 

5.4, and 6, generally speaking, no longer coincide. 
In order to correlate the values obtained by the 

method of the effective width of lines (using for 

I, the data of investigation ‘© ) with the results 

of the direct measurements of 6, we compared the 


oe Prenss, Spectr. Acta 4, 412 (1950). 
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two values for a number of lines. It was found 
that the relationship between 5 ¢¢ and 5 (at 


8 o¢¢ > 23 the region 5 .¢¢ < 2 was not investigated 


in detail) can be expressed by the formula 
6 =a (3 er — 8), (10) 


where « = 3.4; B = 1.4. 
This relationship is shown in Fig. 2, where 
5.4, is plotted along the abscissa and the 


values of 6 from the data of our measurements 
along the ordinate (see Table II). In the cal- 


culations of 8 ote we have used for I, the data 


of reference 16, and for /,, the values measured 
by the photoelectric method, described pre- 
viously ‘. As is evident, the deviations between 
the direct and indirect methods of measuring the 
width of lines with such a recalculation of the 
values Oot do not exceed the limits of experi- 


mental errors. In the last column of Table II 

are given the relative intensities of the lines ob- 
tained by using a narrow exciting line. One can 

see that for the wide lines, when using a narrow 
exciting line, the value of /, is actually smaller 

than the corresponding intensities obtained when 

using a wide exciting line. 

The possibility of obtaining the actual widths of 
lines (using the graduated graph) from the values 
of 6, ,,, found by Eq. (9), also provides the possi- 
bility of transferring from the values of J, ob- 
tained in reference 16 with an instrument of 
medium dispersion (type ISP-51) and with a fairly 
wide excitirig line (~ 2 cm”'), to such values of 
1,, which correspond to “‘ideal’’ conditions of 
photographing. In fact, if we know /,, (which can 
be determined, at least in principle, without 
great difficulties ) and if we know 6, ,,, then it is 


16 » A. Bazhulin et al, Izv. Akad. Nauk SSSR, Otd. 
Khim. Nauk 1, 14 (1941); 3, 198 (1943); 1, 7 (1946); 6, 
480 (1949): 5, 501 (1950). P. A. Bazhulin and Kh. E. 
Sterin, Izv. Akad. Nauk SSSR, Ser. Fiz. 11, 456 (1947). 


17 Ml. M. Sushchinskii, J. Exper. Theoret. Phys. USSR 
20, 304 (1950). 
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FIG. 2. The dependence of the effective width on 
the actual width of line. 1-6 =6,,, (ideal condi- 


tions of photography ); (Oss —B). 

possible to find [by Eq. (10) } the actual line 
widths 6. Then, obviously, the values /,,/6 will 
give the intensities /, reduced to ideal conditions 
of photographing. 

It should be noted that all the measurements of 
I, in investigation ‘° are expressed in the ab- 
solute scale, at the basis of which are placed 
the data of a number of typical lines for several 
standard hydrocarbons. To such hydrocarbons be- 
long benzene, cyclohexane, methylcyclohexane, 
toluene and cyclopentane. Therefore, the finite 
scale should be based on careful measurements of 
the intensities of the typical lines of such hydro- 
carbons. Such measurements were carried out with 
great care by Kh. FE. Sterin and V. T. Aleksanian, 
to whom we express our thanks for providing these 
data. 

In conclusion we wish to express our gratitude 
to Academician G. S. Landsberg for constant 
attention to this work and for valuable suggestions. 


Translated by E. Rabkin 
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Propagation of a Short Pulse in a Semiconductor Bounded 
by Two Hole-Electron Transistors 


FJ. ADIROVICH AND V. G. KOLOTILOVA 
P. N. Lebedev Physical Institute, Academy of Sciences, USSR 
(Submitted to JETP editor July 19, 1954) 
J. Exper. Theoret. Phys. USSR 29, 770-777 (December, 1955 ) 


Herein is presented a calculation of the propagation of a short pulse in a semiconductor 
bounded by two hole-electron transistors, one of which (x = 0) is positive and the other 
(x = w) has a negative bias such that a semiconducting triode system exists. The form 
of the impulse is approximated by a 6-function. With the aid of Laplace transforms we ob- 
tained the current in p-representation at any semiconductor section. Transforming to the 
original representation at x = w permits one to obtain the expression for the collector 
current i(w, t) and clarifies the influence of diffusion and recombination of the nonequil- 
ibrium current carriers in a semiconductor onthe form of the impulse at the collector. 


1, GENERAL SOLUTION OF THE PROBLEM 


ET us consider a semiconductor doped with a 

conducting impurity, bounded at x = 0 (emit- 
ter) and x = w (collector) by hole-electron 
transistors. No electric field exists within a 
semiconductor and the changes in the concentra- 
tion of the current carriers (deficit type of con- 
duction ) can be specified only through two 
mechanisms: 1. diffusion and 2. disturbance of 
the thermodynamic equilibrium between thermal 
creation and electron-hole pair recombinations. The 
conservation equation and the expression for the 
current have the following form: 


on h 


Saas 


1, &- n a S on 
Ti ilies Suara ad ea oa 


from which it follows that the concentration of de- 
ficit carriers (holes) is specified by the equation 


(2) 


Here Ny is the equilibrium concentration of holes; 
for equilibrium the source function g, representing 
thermal creation of electron-hole pairs in a unit 
volume, equals the numbers of recombinations, i.e., 
No/T- 

Separating the stationary solution n,,(x), which 
satisfies the equation 


ans 
v dt 


7) (3) 


with given stationary boundary conditions (constant 
potentials for the hole-electron transistors ), one 
obtains for 


n= Ny — st (4) 
the equation 
on n On _ 


with the boundary conditions* 
n(w, t)=0, 


and the initial conditions 


n(x, 0)=0 with O< x <w. (7) 
With the help of the assumption} 
Lh CARES GS oF witli h, (8) 
Eq. (5) is transformed to a pure diffusion equation 
Ov oy. 
NE —D a2 0 (9) 


with the previous boundary and initial conditions. 


Performing the Laplace transformation? on the 
function y(x, ¢) 


* N equals the concentration of current carriers in 
the base produced by the introduced delta impulse 


co co 


on c 
a 0} VEO t) dt = qN \ 8 (t)dt = qn. 
0 


1 
E. I. Andirovich, Dokl. Akad. Nauk SSSR 86, 1085 
(1952). 


2M. A. Lavrent’ev and B. V. Shabat, Methods of 
Function Theory of Complex Variable, GITTL, 1951. 
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y(x, t)=F(x, p)=\y(x, themdt, 4) 
0 
we find that F(x, p) satisfies the equation 
2k 
——pFr=0 (11) 
with the conditions 
dF N 
F(w, p)=9, =—(0,p)—=—z- (12) 
The solution to Eqs. (11) and (12) is 
F(x, p)= Rhee a Cy 
where 
k=Vp/D. (14) 


The dispersion in the concentration of non- 
equilibrium carriers, specified by a 5-current 
pulse on the emitter, can be represented by the 
general formula 


ny, (x, t) (15) 


: a+jo 
— [t N 

& 

=r) t+Sr a S 


a—joo 


sh k (w — x) 


pt 
Fohbotn. OF: 


Nst (x) (16) 


(i, / Mo) sh x (w — x) — Dx ch xx } 
gDachxw 


= 1 (1 = 


is the stationary distribution satisfying the given 
bias on the hole-electron transistors. 

The corresponding stationary component of the 
hole current is 


i, ch x (w—x)-+ qDn.x sh xx (17) 


Lst (x) a ch nw 


At the emitter, i, 60) =1,, and at the collector, 


i, + gDnox sh xw (18) 


est (w) es chxw , 


where k =(D 7)7”. 


2. COLLECTOR CURRENT 


The variable component of the hole current 
(deficit type of conduction) specified by a 
6-impulse on the emitter equals 
On (x, ft) 


i(x, t)=— gD" 


ie 19) 
— —t/7 OY IX, 
gDe-tlt ae 


Transforming to the p-representation we obtain from 


Eqs. (13) and (19) that 


gp t) 


ae = 0 (4. 2) a 


pe dF _ qNchk(w—x) 
gy ae ch kw 


“eturning to the original representation for Eq. 
(20) and inserting it into (19), one obtains the ex- 
pression for the current* at any section x. At the 
collector, i.e., at x = w, 


qN (21) 


el" i(w, t) = O(w, p)\= =. 


Expressing ®(w, p) by an exponential series®, we 
have 


D(w, p)=2 \(— 1)Me~ Ow 


n=1 


(22) 


* i (x, t) is the excess over the stationary current 
io, O% t) and corresponds to the given boundary con- 


ditions. 


3 1, M. Ryzhik and T. C. Gradshtein, Tables of 
Integrals, ee Series and Products, GITTL, 1951. 
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and transforming each term of (22) to the original 
representation’ we obtain the series 


1) = we t) (23) 
Sa n — (an—1)7/8 
=e Ye eee 
n=1 


which represents the collector current in general 
form. Here 


(24) 


5 == iO eRe ECs 


ip =2gN/V70, O=w?/4D. 


We approximate the collector current, in series 


(23), by the S-sum, 


1(§)=/; (8) (25) 


Ss 
= £ 3% es »», (— 1)"+t (2n _ 1) em (2n—1)/8 


n—=1 


and evaluate the region of validity and degree of 
accuracy of this approximation. It is evident that 


(26) 
= EMse-02 SS) (— 1)"41 (20 — 1) e2r—"e. 
n=s-+1 
With 
E<8(s+1)/In =F (27) 


the remaining term, P (€), is an alternating series 
whose terms decrease monotonically with increas- 
ing n. Consequently, 


4 V. A. Ditkin and P. I. Kuznetsov, Handbook of 
Operational Calculus, GITTL, 1951. 
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| Ps | (E)| << Sse (25 + I) e-estw"e — (28) 
and, for /( €) one can write upper and lower 
limits, 

I; (6) <1 (6) <Isii(8), if s is even, (29) 


if s is odd. 


Is (5) >/(§) ie (§), 


To determine the accuracy of the approximation we 
consider 


Pre (3) —Ti, (&) | 
1, (8) 


(30) 


(2s + 1) e~ (28+1)7/8 
SS ee 


s 
D(H 1)"F a — 1) eer 


Nem] 


from which we can determine the time interval & 
during which the collector current can be repre- 
sented by /. ( €) with an accuracy ¢«. Here we must 


require that 


' 2e+3, 
P< 8(s+ 1)/Ing 43 


(31) 


otherwise the duration of the determined interval 
is not €’ but the right-hand side of the previous | 
inequality. : 

We shall show that specification of the collec- : 
tor current for any value of the lifetime 7 by a | 
three term formula, If (€),is sufficient; in the | 
given cases it was possible to restrict onself to | 
approximations with two and, in some cases, with 
one term of the series (23). 


3. CASE OF LARGE LIFETIMES FOR THE NON - 
EQUILIBRIUM CURRENT CARRIERS 


Let us consider the case A? > 0, or corres- 
pondingly, 4D 7/w? +. In Fig. 1 we have shown ) 
the curves /, I and I’, which are one, two, and 


three term approximations [see Eq. (23) ] to the 
collector current /*. 

The superscript 0 indicates that these solutions 
represent currents obtained in the absence of re- 
combination (T=). The maxima of all three 
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1(é) 


approximations are identical and occur at the 
value €= 0.67. The value of IZ falls to half 
maximum at eS = 2.1; IP and I} at the value i's 5 


= 2. From Fig. 1 and Eq. (30) it is seen that the 
first term of the series (23) approximates the 
collector current with an accuracy of « = 0.01 
down to €= 1.4; the first two terms down to 

€ = 3.7; the first three terms down to €=6.1. 
For /7, condition (27) is satisfied up to €=3.1, 
i.e., no additional restriction is imposed. At 

€ =6 the value of the current is 26 times smaller 
_ than the maximum. Consequently, the three term 
formula i €) gives a sufficiently accurate ex- 
pression for the collector current over the total 
range. The two term formula /5(€) is a satis- 


factory representation of i(w, t) for values of the 
time less than the time of maximum. [n those 
cases, when the problem is confined to the half- 
maximum of the curve i(w, t), i.e.,to times for 
which the current, after passing through its maxi- 
mum value, has decreased by no more than a fac- 
tor of two, then the value of the collector cur- 
rent agrees with /7 ( €) to within 5%. 

For greater times, the actual curve should be 
approximated by a larger number of terms of the 
series (23) since, with €> 1, i.e., for t>>w?/4D, 
the series (23) converges slowly. According to 
Tauber’s theorem® the form of the asymptotic solu- 
tion as &> ~ can be obtained from the series ex- 
pansion of ®(w, p) in powers of kw, 


Pat.; iM. Ryzhik and I. C. Gradshtein, loc. cit. 


® (w, p) Ip-o = gN/ (1 ote +). (32) . 


Transforming this equation to the original repre- 
sentation, we find 


I? (&) |e. o= ea Gaclas (33) 


Equation (33) is shown in Fig. 1 beginning at 
€=6. For all larger €, the asymptotic expression 
(33) approximates /*( &) from above, since in the 
transition to the asymptotic representation (32), 
positive terms were truncated in the denominator. 
Conse quently, for later times, when rt €) does not 
give a good approximation to the actual current, 
1*( &) is bounded between the axis and the ex- 
ponential (33). In Fig. 1, /*(€) is shown in this 
region as a dashed curve. 

We shall write the final formula in different 
variables. With relative accuracy to « =0.01, we 
have 


= ge 
V rb! 


i (w, t) (e—w"/4t (34) 


— 3e—9w'/4Dt 1 5e—25w*/aDt ) 


with ¢ < 1.52 w2/D. Upto t = 0.93 w?/D one can, 
with the same degree of accuracy, use the first 
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two terms, and, to ¢ = 0.35 w?/D, the first term. 
Indeed, this last gross approximation permits one 
to obtain the major part of the current impulse on 
the collector, up to the point where the curve has 
fallen to approximately half its maximum value. 


4. CASE OF MODERATE AND SMALL LIFETIMES 


In those cases in which it is not permissible to 
disregard the recombination of carriers, one ob- 
tains for the collector current, 

1 (§) = e-*8J™ (6), (35) 
where /~( €) is the value of the collector current 
with T= © and is given by the series expression 
on the right in (23). Inasmuch as the evaluation 


of the values of &’is independent of A, the re- 
sults are correct for any value of 7. But, because 


of the exponential factor in (35), i.e., on é re) 
falls faster for the same value of & The three 
term approximation Bea! €), which was accurate to 

€ = 0.01, was good for €’s up to the point where the 
current is 1/26 its peak value; here, however, 

for \=1(7=w?/4D), the current in the same 
interval, €<6.1, falls to 1/1000 its peak value. 
The same situation holds for the other approxima- 
tions; the smaller the recombination time, the 

more complete the expression for the collector 
current. Thus it follows that the approximate 
expressions for the collector current derived above, 


en, i Ce), 1, ( é), Pec), hold to the same ac- 
curacy for any value of 7. 

To find the magnitude and location of the peak 
current for the general case A £0 one can use the 
condition resulting from (35) that 


din I@ (=) 
dé $= e max 


ae 


(36) 


From (36) it is seen that the recombination process 
hastens the occurrence of the maximum current 
at the collector, since we have, with A 40 


(dI™/d®) |... >9- 


In the vicinity of the maximum 


(37) 


Consequently, 
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Likewise, 


Emax = 55322 exp {— Emax} EXP {— 1/6 max}- (39) 


The asymptotic expression for/(€&) for large 
times is, for T= 0, 


7(&) le. © — = eC] Fang 


(40) 


Curve // in Fig. 1 represents the time history 
of the collector current for A = 1, i.e., for 7 
=w*/4D. As was mentioned above, in this case 
the current does not fall from its peak value in the 
1.520? by a factor of 26 as for A =0 


interval t< = 
(curve /), but by a factor of 1000. At t = 0.93 w?/D 
the current has decreased to 1/14 its peak value. 
Gnsequently, for moderate values of the lifetimes 
(A ~ 1),the two term formula /, fully serves as a 
sufficient approximation to the collector current. 
For small 7(A> 1), the current, over its entire 
range, for all practical purposes is given by 


I(8) © 1, (3) = Fhe ee, 41) 
Thus, for example, with A = 2 the collector current 
at = 1.4, where the approximation given by (41) is 
accurate to 1%, is 1/25 its peak value (curve 

III in Fig. 1). 

Curves /, /] and [J] in Fig. 1 demonstrate the 
dependence of the form of the impulse at the col- 
lector on the lifetime of the nonequilibrium cur- 
rent carriers in a semiconductor. 


5. THE INFLUENCE OF BOUND ARY CONDITIONS 
ON THE ELECTRON PROCESSES IN THE VOLUME OF 
A SEMICONDUCTOR 


To clarify the influence of boundaries we shall 
compare the results obtained above with the re- 
sults for the propagation of a impulse in a semi- 
infinite semiconductor (0 <x <w). The mathe- 
matical formulation of the problem differs fromthe 
preceding only in the fact that the condition 
n = 0 occurs not at x = w but at x =~. For this 
case, the concentration and current of none quil- 
ibrium carriers have the following representation 
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etlty* Co reed hs ex p) = ae ears, (42) 


efltj* (ce t) = @* ix; p) as: gqNe-**, 


Comparing these with the corresponding repre- 
sentations for a semiconducting layer of thick- 
ness w [Eqs. (13) and (20) ] we see that the two 
agree when k > (w - x)"1, ie., when 
p> D(w—x«)*?. (43) 
Thus as p > ~, t > 0, which indicates that for all 
x <w the diffusion process proceeds from the start 
the same in a semi-infinite semiconductor as in 
a bounded semiconductor. Depart»res occur 
when t © to: corresponding to p = Dig ox) 
i.e., that much earlier the smaller the separation 
(w-x). The inequality (43) indicates that at the 
collector (x = w), the process differs from that in 
asemi-infinte semiconductor right from the 
beginning (i.e., at ¢ = 0, corresponding to the 
establishment of a &impulse on the emitter). In 
particular, [consider Fq. (21)], 


© (x, Pp) |p-0 = 2gNe** = 20" (w, p), (44) 


675 


i.e., at the beginning of the process, the collector 
current is twice the current which would be ob- 
tained at the distance w from the emitter in a semi- 
infinite medium. The reason for this is the ab- 
sence of a partial counter current of deficit car- 
riers which is specified by the assigned potential 
on the collector. Associated with the mainten- 
ance of a small constant concentration of deficit car- 
riers, n(w, t) ~ 0, is a faster diffusion rate which 
involves a more rapid decrease of current, so that 
as t > c, the collector current becomes much 
smaller than the current at x = w in a semi- 
infinite conductor. In Fig. 2, the currents i(w, ¢) 
and i*(w, t) for T = © are represented, corres- 
ponding respectively to the bounded and semi- 
infinite case. The given potential which speci- 
fies n(w, t) Y 0 not only doubles the maximum and 
sharpens it but, in addition, introduces a sharper 
decrease for later times. Instead of the current 
falling off like 2734 (for t > w?/4D) 

+e IN eABis const 

t (w, t) = abe e w'/4aDt ~ Pls ; (45) 
as in a semi-infinite semiconductor, the current 
behaves’ exponentially 


Ll = 2gNDw 2e—20t! 2? (46) 


Figure 2 illustrates these effects. 


We note that the recombination of non- Ree 
equilibrium current carriers also produce a chang 


in the time dependence through the exponential 


-t/ 


$ s T Qu) 
factor e”’’7 for late times (i. e., e predominates 


over t3/"). Likewise, the main portion of the 
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impulse is decreased (i.e, the value of Map 


Within the volume of the semiconductor the 
same_effects as at the collector are realized 
(i.e., greater currents at first and a greater de- 
crease near the tail of the passing impulse ) but 
they are smaller in magnitude the greater the dis- 
tance from the collector and begin to be noticed 
only at large intervals of time after the onset of 
the diffusion process. 

Correct to a constant factor, Fq. (23) repre- 
sents the transient characteristics® of a semi- 
conducting triode 


6 V. P. Siforov, Radio Principles, p. 58, 1954. 


dh(~—)_ 2 
e) = — = : 
g(&) ae z J(é) (47) 


We note further that the influence of finite life- 
time on the electronic processes in a semi- 
conducting layer is represented by a multiplicative 
factor e™’” only for a impulse. For other kinds 
of signal shapes, assumption (8) implies that 7 
appears in the second boundary condition of (6), 
and consequently the diffusion and recombination 
process cannot be separated. 


Translated by A. Skumanich 
20 


SOVIET PHYSICS JETP 


VOLUME 2, NUMBER 4 


JUICY? 1956 


Fission of Heavy Nuclei by High Energy Neutrons* 


V. I. GOL*DANSKU, V. S. PEN’KINA AND E. Z. TAR UMOV 
Academy of Sciences, USSR 


(Submitted to JETP editor July 11, 1955) 
J. Exper. Theoret. Phys. USSR 29, 778-789 (December, 1955) 


Results of experiments on the fission of various heavy nuclei in the region Z = 74-92 by 


panes of nominal energy of 1X and 380 mev are presented. An evaluation of threshold 
lor fission connected with previous neutron emission is based on a comparison of the bind- 
ing and critical fission energies. The average number of neutrons emitted during the 


fission of a heavy nucleus is evaluated. 


1. INTRODUCTION 


N the course of the experimental work of the 

past few years various peculiar characteristics 
of the fission of heavy nuclei by high energy 
nucleons have been discovered and investigated. 
These differed in many respects from the previous 
work on fission by slow neutrons. 

The first stage of the interaction of a high 
energy nucleon with a complex nucleus is an 
internal cascade, including one or several nucleon 
collisions within the nucleus. Struck nucleons 
may either fly out of the nucleus without further 
collisions or may stick within the nucleus, expend- 
ing their kinetic energy in further collisions. At 
the end of the internal cascade, the nucleus re- 
mains hot, i.e., in an excited state, and the 
cooling of such a nucleus may take the form of 
multiple emission of particles. In the case of 
heavy nuclei, the fission process may offer strong 
competition to the multiple emission of particles. 
One can imagine two extreme cases of fission of a 
highly excited nucleus: the fission takes place 
with the loss of an excitation energy that is far 
larger than the critical fission energy, the fission- 
ing nucleus having been very highly heated (high 
temperature fission); or the fission is preceded by 
multiple emission of particles (especially 
neutrons), after which the remaining excitation 
energy of the nucleus barely exceeds the critical 
fission energy (‘‘ emissive fission’’). 

Such a division into high tenperature and 
emissive fission is of course arbitrary, since all 
intermediate cases can occur. fowever, this 
division is useful for understanding characteris- 
tics of nuclear fission caused by high energy 
nucleon bombardment. 

During slow neutron induced fission, a 
characteristic double-humped fission fragment 
spectrum (in both mass and energy) is observed. 


“The experimental part of this work was completed in 
1950-1951. 


With increase in bombardment energy, the valley 
between the humps gradually smoothes out, and at 
high energies, for example in the fission of 
of uranium by 380 mev « - particles! , or in the fis- 
sion of bismuth by 190 mev deuterons”, a strong 
single-humped fragment mass spectrum is observed. 
Chemical analysis of the fission fragments leads 
to the conclusion that the maximum of the mass 
spectrum is some 3-6 mass units lighter than half 
the sum of the nuclear and incident particle masses. 
Such reduction of the fission fragment mass is 
connected with the emission of a large number of 
nucleons (chiefly neutrons) during fission of a 
heavy nucleus induced by a high energy particle. This 
emission may precede ‘‘ emissive’’ fission, or may 
follow high temperature fission from an excited 
state; in this case neutrons are emitted by the 
fission fragments. The shape of the fission frag- 
ment mass spectrum for slow or fast nucleon 
induced fission has not been explained. Kner- 
getically, fission into fragments of equal mass is 
generally most efficient, i.e., a single-humped 
fission fragment mass spectrum. The occurence of 
a two humped mass spectrum in low energy induced 
fission has been connected by several authors? with 
the fact that such a spectrum allows the formation 
of many fission fragments of magic neutron 
number (V = 50 and 82). From this viewpoint a 
two-huniped mass spectrum is indicative of fission 
of a heavy nucleus from a state of weak excitation. 
The radical change in character of the spectrum of 
the mass fragments with increase of the bombard- 
ment energy may then be considered as an argument 
in support of high temperature fission from a 
highly excited state. However, this conclusion is 
opposed Ly the appearance among high energy 
induced fission fragments of large numbers of 


1 Pp, O’Connor and G. Seaborg, Phys. Rev. 74, 1189 
(1 948). 

2, R. Goeckermann and I. Perlman, Phys. Rev. 76, 628 
(1 949), 

31). Brunton, Phys. Rev. 76, 1798 (1949); L. Meitner, 
Nature 165, 561 (1950). 
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heavy nuclei of B* or K active isotopes 
(especially for A > 125 — in uranium fission). 
Appearance of such neutron-deficient fragments 
allows the conclusion that most of the neutron 
emission takes place before fission, that is, the 
process is ‘‘emissive’’ fission. 

Experiments determining kinetic energy of the 
fragments in the fission of uranium and thorium by 
90 mev neutrons‘, as well as in the fission of 
uranium by stopping 7 - mesons” show that the 
total energy of the two fragments is not higher than 
is characteristic for slow neutron fission. 

This fact also supports, although it does not 
prove, interpretation of the process as emissive 
fission, since neutron emission by highly excited 
fission fragments must be over in tT ~ TOF 1016 
second, and the remaining observable energy will 


Bite? pptos 
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be determined solely by the coulomb repulsion. 
Further evidence toward the emissive fission 
viewpoint is offered by the bombardment energy 
dependence of the fission cross sections for 
nuclei of Z = 74-83. As we know, the fission 
cross section of such nuclei as U238 and Th??? 
increases rapidly for excitation energies several 
mev higher than threshold. It reaches some tenths 


of a barn, and is fairly insensitive to further 


increase of energy. The partial level widths of 
these nuc lei for fission and for neutron emission 
are of the same order of magnitude. Below are 
shown upper limits to the fission cross section of 
nuclei from W to Bi by 14 mev neutrons , and the 
critical fission energy for the corresponding 
compound nuclei calculated from data’: 


Pb2% Pb 29 Pb 208 Hg*oo Au?®? jJrios Wise 
crit meV) F091 59. 3— MOGs 1154 11474 ADA 13) O45 205 19s 
Oy x 10°" (cm?) Leh; BNS0iE Sele 8.6 S57 Os67 eles eS ee 


In all the above cases, the excitation energy of 
the compound nucleus is greater than the fission 


threshold; for W! 84 it is greater by only 0.3 mev, 


while for Biz°? it is almost 9 mev greater. Never- 


theless, the upper limits for the fission cross 
section of the above nuclei (with the exception of 
Pb?) are about 10°?2cm?, which points to the 
smallness of the fission widths compared to the 
neutron widths of these nuclei. 

It follows from the statistical model that increase 
of excitation energy in a region considerably 
higher than the critical fission energy is 
accompanied by roughly equal increases of the 
neutron and fission widths (equal to within an 
exponential coefficient). It is therefore hard to 
imagine that the fission cross sections of the 
above nuclei could increase appreciably with 
higher energy in the case of high temperature fis- 
sion. However, the fission cross section of 
bismuth with 84 mev neutrons® js at least 1300 
times larger than at 14 mev. On the other hand, 
the ratio of fission cross section of Pb> >and 
Pb?°8 decreases with increasing bombardment 
energy, from 35 (neutrons, 14 mev) to 3.5 


Fn fa Jungerman and S, Wright, Phys. Rev. 76, 1112 
(1949), 


° S, Al-Salam, Phys. Rev. 84, 254 (1954); N. A. 
Perfilov and H. S. Ivanova, J. Exper. Theoret. Phys. 
USSR 29, 551 (1955); Soviet Phys. JETP. 


8 &. Kelly and C. Wiegand, Phys. Rev. 73, 1135 (1948) 


(deuterons”, 100 mev). It is thus natural to 
assume that the fission cross section at high 
excitations is determined, not by the fission width 
of the initial nucleus, but by that of a nucleus 
which has already amitted several neutrons. 

Due to the above arguments, we based the 
analysis of our experimental data (completed in 
1950-1951) on the emissive nature of fission. 
Seeking to determine the average number of 
neutrons emitted during a fission process, we pro- 


ceeded from the assumption” that the neutron 
emission takes place until the critical fission 
energy becomes lower than the neutron binding 
energy. The calculation of the average number of 
neutrons on this assumption proved to be in 
satisfactory agreement with independent 
experimental determinations. 

All the above facts served as a more or less 
indirect confirmation of the predominance of 
emissive fission over high temperature fission. A 
recent paper by Dauthett and Templeton! ° 
described an attempt to prove experimentally the 
emission of neutrons before fission. 


© A. Phillips, L. Rosen and R. Taschek, Phys. Rev. 
75, 919 (1949). 


7 1. Hill and J. Wheeler, Progress of the Physical 
Sciences 52, 83, 239 (1954). 


ANS Gol’danskii, Report of Inst. Chem. Phys., 
Acad. Sci. USSR, 1950. 


10 &, Dauthett and D. Templeton, Phys. Rev. 94, 128 
(1954), 
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These workers compared the range of particular 
fission fragments (for example Sr®?, Agi}? 
Ba? 4°) in the fission of U238 by 18 mev 
deuterons and by 335 mev protons. It turned out 
that for fission by high energy protons the fragment 
energies were several mev lower. Such energy reduction 
is connected with mass reduction of the fragment 
pair by previous neutron emission. In these cases, 
the number of neutrons emitted before the U238 
fission was 6-8 (Ba! 4° fragment) to 2] -22 (Sr®° 
fragment). The quantitative results of reference 10 
are evidently not sufficiently precise, but the 
qualitative demonstration of the emission nature of 
fission seems to be valid. 


? 


2. DESCRIPTION OF THE EXPERIMENTS 


In our experiments, performed in 1950-1951 with 
the synchrocyclotron at the Institute of Nuclear 
Problems of the Academy of Sciences, USSR, we 
investigated the fission of U?*> and U?3® by 
neutrons of 1 20 and 380 mev, excitation functions 
for neutron fission of bismuth in the energy interval 
120-380 mev, and the fission of Th, Pb, Tl, Au, Pt, 
and W by 380 mev neutrons. 

The neutrons used in the 1950 experiments 
were obtained by stripping 280 mev deuterons in a 
16 mm (14.2 g/cm”) copper target. The energy 
spectrum of such neutrons is a bell shaped curve 
with a maximum and average energy of ~ 120 mev 
and a half width ~ 40 mev. 

The neutrons used in the 195] experiments were 
obtained by charge exchange of protons in a 25 mm 
(4.6 g/cm”) beryllium target. The target was 
placed at various distances from the center of the 
magnet — 153, 195,and 220 cni, which corresponded 
to proton energies of 260, 400, and 490 mev. The 
charge exchange neutron energy spectrum is 
considerably more smeared out than that for strip- 
ping reaction neutrons. The energy spectrum of 
charge exchange neutrons at a proton energy of 
490 mev is shown in reference 11, We are calling 
these (from the position of the spectrum maximum) 
380 mev neutrons. Actually the average effective 
energy for sych neutrons depends on the threshold 
and excitation function shape of the detector used. 
In the case of the bismuth fission the effective 
energy was close to 340 mev. The maxima of the 
charge exchange neutron spectra for pou 
energies of 260 and 400 mev, obtained by interpola- 
tion of various charge exchange spectra, were 
close to 210 and 315 mev respectively. 


1l y, p, Dzhelepov and Iu. M. Kazarinov, Dokl. Akad. 
Nauk SSSR 99, 939 (1954). 
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The fission process was observed by counting 
pulses due to fission fragments in ionization 
chambers. Figure 1 shows the ionization chamber 
used. Electrodes were aluminum rings to which 
20p aluminum foil was glued. A layer of the 
fissioning material of area 8.5 or 12 cm? was 
deposited on both sides of the working electrodes. 
Collecting electrodes were less than 10 mm from 
the working electrodes, which is less than the 
range of fragments at atmospheric pressure. The 
chambers were filled with chemically pure argon at 
a pressure of about 800 mm Hg. 


pT | 
V 


a 


Fg .1. Drawing of the ionization fission fragment 
chamber. a ~ the fissioning material; b ~ collecting 
electrodes; c - to amplifier grid. 


Electronics consisted of a preamplifier, wide 
band amplifier, discriminator, scaler, and mechani- 
cal register. 

The preamplifier was located in the synchro- 
cyclotron room next to the ionization chamber. 
Signal was conducted out by a 40 meter armored 
coaxial cable to the amplifier. 

Two types of linear amplifier were used in this 
work (LU-1 and LU-2). The upper frequency limit 
of LU-1 was 1.3 mc with an amplification factor 
20,000 to 25,000. 

The upper frequency limit of LU-2 was 8 mc, 
with an amplification factor of 8,000 to 10,000. 
Figure 2 shows the dependence of chamber count- 
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ing rate on the discriminator clamp voltage for the 
fission of U, Bi, and W. The noise level was some 
50-60 times less than the smallest fission fragment 
pulse. a-particle signals were up to 0.1 the size 
of the fission fragment pulse. The basic difficulty 
of measurement was connected with the necessity 
of cutting off possible registration of the 
frequently collected charged particles which 
originated in the chamber gas or walls and electrodes 
due to high energy neutron collisions. The 
difficulty depends to a large extent on the pulsed 
nature of the accelerator; it increases as the fis- 
sion cross section of the investigated nucleus 
decreases, since in this case low neutron beam 
currents are convenient for removal of the back- 
ground, but necessitate measurements of long dura- 
tion. The necessity of removing the background 
demands the use of wide band amplifiers. Special 
experiments carried out in chambers without the 
fissioning layers showed that the background 

under typical working conditions was small (order 
of several percent) even compared to the fission 
effect of wolfram. 

As can be seen from Fig. 2,in all cases investigated, 
there was observed a sufficiently wide plateau, where 
the counting rate varied weakly with the discrimina- 
tor clamping level. Thus for uranium the plateau 
stretched from 5 to 12 volts, with a slope of 3% 
per volt. This slope was evidently connected with 
fringe effects, the effect of fissioning material 
layer thickness, and the emission of fragments at 
various angles. Measurements were carried out at 
the center of each plateau. 


Thin layers of U23° and U?3® were deposited on 
the aluminum cathode by electrolysis of a solution 
of uranium nitrate in absolute alcohol (~ 1 g/liter), 
using a platinum anode. With a cwrent density of 
0.5 ma/em”, a firm yellow-green deposit of thick- 
ness ~ 0.5 mg/cm” was formed in 10 minutes. The 
thickness of uranium on the working electrodes was 
0.15 - 0.5 mg/cm”. In view of the impossibility of 
baking the aluminum foils (with consequent change 
of the uranium to higher oxides), we assumed that 
the composition of the fissioning layer was 
between UO, (11.9% oxygen by weight) and 
U,O, (9.2% oxygen by weight), i.e., we assumed 
that the layer was 89.5% uranium by weight. The 
U?35 content of the isotope mixture used was 
92.6%, so that 82.8% of the fissioning layer was 
U?85. The U?°> ionization chambers were shielded 
by boron carbide and cadmium to eliminate the 
background due to fission by thermal neutrons. A 


thorium layer of ~ 1 mg/cm” was deposited on the 
aluminum foil in the form of a suspension of finely 
ground ThO, in acetone with 1 % (by weight) 
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Fic .2. Dependence of the relative fission counting 
rate on discriminator locking potential for a — uranium, 
b - bismuth and c - wolfram. 


organic binder. Layers of bismuth, lead and 


thallium (1 - 1.5 mg/cm”) were produced by vacuum 


evaporation onto the aluminum foil, while the gold 
and platinum layers (~ 0.8 mg/cm?) were 
produced by cathode sputtering. 

Wolfram was electrolytically deposited onto a 
copper cathode, (with platinum anode) in a bath 
consisting of 125 gm H,WO, and 330 gm Na,CO, 
per liter of solution. With a current density of 
50 ma/cm?, a silvery metallic deposit was formed 
in 30 minutes, with thickness ~ 0.8 mg/cm”. From 
the data of reference 12 the composition by weight 
of wolfram in such a deposit is ~.65%. 


ae V. 1. Lainer and N. G. Kudriavtsev, Fundamentals 
of Electroplating, ch. 2, ONTI, USSR, 1938. 
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To determine the cross section, the incident 
neutron current was measured with the aid of 
carbon activated in the C! 2(n,2n)C}! reaction. 
The absolute detection efficiency of the activity of 
the product of this reaction — the C1! isotope 
(the count of the carbon detectors) was measured 
in special experiments. The cross section of 


C1 2(n,2n)C}? at E = 90 mev is 0.022 bams!® and 


at 380 mev it is 0.021 barns’ *. The latter 

quantity was obtained in reference 14 by the 
comparison of np scattering data with the activation 
of carbon detectors, using our data for the count 

of these detectors. Therefore, possible errors in 
the absolute value of the activation cross section 
and in the count of the carbon detectors tend to 
cancel for E = 380 mev. 


In a series of the special experiments, during 
which good constancy of the high energy neutron 
current was maintained, the fission cross section 
of bismuth was obtained by comparison with the 


carbon detectors. For subsequent determinations 
of fission cross sections of other nuclei, a 
bismuth fission chamber was used to monitor the 
neutron beam. In such a comparison, fluctuations 
of the neutron intensity could not affect the 
measured quantities. 

The accuracy of the absolute values of the 
fission cross sections given below is connected 
with the determination of the bombarding neutron 
current with the carbon detectors and with 
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statistical errors, and is taken as 20-30% for 
(Be. = 120 mev and 15-25% for E = 380 mev. It must 
be noted that in the determination of the bombarding 
neutron current with carbon detectors, the magnitude 
of the current is lowered for the registration of U 
and Th fission and is raised for the lighter nuclei, 
the amount of rise increasing with the fission 
threshold. Therefore the fission cross sections 
indicated below are undoubtedly too high for U and 
Th, and too low for the other nuclei. Furthermore, 
the average effective neutron energy causing the 
fission is higher the greater the fission threshold 
and the faster the growth of the fission cross 
section with energy. The indicated errors are 
common to all work with high energy neutrons where 
it is impossible to define a narrow region in the 
neutron energy spectrum.. Approximate evaluation 
of low energy neutron admixture in the outgoing 
spectrum shows that the increase of fission cross 
section of U and Th is not greater than 5-1 0%. 
Corrected values of the bismuth fission cross 
section, taking account of the spectrum shape and 
the excitation function, are shown in Fig. 3. Such 
a correction was not performed for the lighter 
nuclei because of insufficient data on the 
dependence of their fission cross section on 
energy. 

Data on high energy neutron fission cross 
sections of nuclei from U to W from our work (no 
superscript) as well as from other authors®’1>! © 


are given in Table 1. 


TABLE I. Fission cross sections of heavy nuclei for high energy neutrons (in barns). 


En 235 * : 

U U23? | Th Bi Pb Tl Au Pt Re Ww 
(mev) 
84 | — |4.4[8]|1[8] ]0.019[8]} 0.0055[8]10.0032[8]/0.00248]/0.00095[8]} = — = 
120 |1.5 [1.14 |1[2]]0.036 | 0.020[29]]0.010[°}|0.010[25]] — — |0.0017{*5]}0.0044[25} 
380 |1.24/1.03 |0.9 0.074 0.033 0.019 0.020 0.012 —— 0.0088 


Figure 3 shows the excitation function for the 
fission of bismuth, for a nominal neutron energy 
(curve 1) and corrected for the spectrum shape 
(curve 2). Values up to 84 mev and for 270 mev 


LS E. Mc Millan and H. York, Phys. Rev. 73, 262(1 948). 


14x 0, Oganesian, Report Inst. Nuclear Problems, 
Acad, Sci. USSR, 1953. 


are taken from the literature??? 7 the remaining 
points are from our work. The satisfactory agree- 
ment of all points confirms the determination of the 
absolute fission cross section. 


1S y. Pp. Dzhelepov, B. M. Golovin, Iu. M. Kazarinov, 
Report Inst. Nuclear Problems, Acad. Sci. USSR, 1950. 


16 A. A, Reut, G. I. Celivanov and V. V. Iur’ev, 
Report Ins. Nuclear Problems, Acad. Sci. USSR, 1950. 


17 W, Knox, Phys. Rev. 81, 687 (1951). 
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Fic . 3. Dependence of fission cross section of bismuth on’neutron energy. 
I — without corrections for the energy spectrum of the incident neutrons; 2 — 
with such correction. The stars indicate data on the fission of bismuth by 


23 
protons 


3. EVALUATION OF THRESHOLD FOR EMISSIVE 
FISSION 


During the excitation of a heavy nucleus to high 
energies, the most likely processes are apparently 
emission of neutrons and fission. It is clear from 
the facts given in the introduction that the fission 
widths for stable nuclei from Bi to W are much 
narrower than the corresponding neutron widths. 
Evidently according to the emission of neutrons, the 
ratio of the fission width to the total width, which determined 
the probability for fission, must increase with increase 
of the parameter Z“/A. Since there are no 
qualitative data relating the fission probability and 
the neutron emission for a highly excited nucleus, 
we have, in treating our experimental data, made 
the assumption” that emissive fission does not 
take place earlier than the moment at which the 
binding energy of the next neutron (increasing with 
the neutron emission) becomes larger than the 
critical fission energy of the reniaining nucleus 
(which decreases according to the number of 
emitted neutrons). 

The neutron binding energy is calculated from 
the Weizsacker-Fermi formula: 


Eyn= — 5,32 —8,68 A+ (74) Ay(77,.4 A (1) 


+ 0,195A “)-33,5A 9 


The last term is added for even-even and odd-even 
nuclei (i.e., for even N = A - Z), and is subtracted 
for even-odd and odd-odd nuclei (i.e., with odd NV). 
To determine the binding energy for nuclei with odd 
A, the last term should be used with A- 1 instead 
of A. For heavier, even N nuclei, whose neutron 
binding energy is higher, and for which, in general, 
the indicated conditions for emissive fission are 
satisfied, 


pg 8 GAGA 22/ Anat eA (2) 


+ 0,195 A7"*), 


In the determination of the neutron binding energy | 


for nuclei with A > 208, in agreement with 
reference 18, a correction term should be put in 
which reduces the binding energy by 


18 ©. Stern, Revs. Mod. Phys. 21, 316 (1949). 
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AE = 1,97 exp {—(A — 208) /208} MeV. 


G07 


G06 


G03 


Ge 
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Fic . 4. Dependence of the quantity toe 
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In determining the neutron bindin 
} g energy from 
Eqs. (2) and (3) we are naturally not taking account 


2 
1 
a 
32 33 WI ED 
2/4 
Fic. 4 


ee _?» PPE? gO ——————$——_————————— 


in the critical energy expression on the para- 


meter Z7/A; I — according to Hill and Wheeler’ Geo 1347 Gta); 2 - according to 
Frankel and Metropolis”! ( E.. = i ad ie i 


of the fluctuations in nuclear density connected 
with the filling of shells. 

To calculate the critical fission energy, use 
was made in reference 9 of the results of the 
first paper of Bohr and Wheeler! ?; in our earlier 
paper *° we worked from the results of Frankel and 
Metropolis? } . However evaluation of the fission 
threshold from reference 2] produces values that 
are too high — for example the calculated 
threshold of U238 is higher by 1.7 mev than that 


experimentally observed, and for Th??? by 2.8 mev. 


Thus, our use2° of the results of reference 21 for 


19 N. Bohr and J. Wheeler, Phys. Rev. 52, 426 (1939). 


20 V1, Gol’danskii, E. Z. Tarumov and V. S. 
Pen’kina, Dokl. Akad. Nauk SSSR 101, 1027 (1955). 


21s. Frankel and N. Metropolis, Phys. Rev. 72, 914 
(1947). 


the evaluation of the critical fission energy gave 
high values for the number of neutrons emitted 
before the neutron binding energy is comparable to 
the fission barrier*. 

Below we have made use of the results of a 
recent paper by Hill and Wheeler’ to determine the 


critical fission energy. This gives 


ape key Enea (4) 


max 


in good agreement with the experimental value. The 


quantity 


i It must be noted that a rough extrapolation was used 
in the series of values from reliance 20 presented in 
‘Table I, and no account was taken of the difference in 
binding energy for nuclei with odd N and Z, so that 
these results are only of qualitative value. 
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Emax= f (x) = 0,728 (1 — x)? — 0,661 (1 — x)" 
+ 3,330 (1 — x), 


where x =(Z?/A) / (Z?/A) sn iniatr 204 
(227A): = 46.78. The dependence of € ,, om 


initial 
Z2/A is shown by curve 1, Fig. 4. For comparison, 
curve 2 shows the corresponding dependence 
according to Frankel and Metropolis 21 who give 


wea AAS ee (5) 


max 
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Using (2), (3), and (4), we determined the mass 
number A_ at which the neutron binding energy 
becomes ereater than the critical fission energy for 
various nuclei. The dependence of A, on Z is 
shown in Fig. 5. The nrain results of the calcula- 
tions are presented in Table 2. 

The first column of this table gives the mass 
number of the most stable isotopes or the average 
mass number of the natural isotopic mixture. The 
second column shows calculated values (according 
to reference 7) of the critical fission energy for the 
initial nucleus, while column four shows this for 
a nucleus of mass number A ,, as given in column 


ch bee been } 


=e Se ees 
So YW 88 86 bY Be 80 78 16 We Wz, 


Pe. & 


Fic.5. Dependence of the mass number A (at which the critical fission energy, 


calculated according to Hill and Wheeler“, becomes less than the neutron binding energy) 


on atomic number Z. 


three. The fifth column gives the fission 
parameter a Age The next three columns give the 


minimum number of neutrons (not counting the 
incident neutron ) which must be emitted by the 
nucleus before emissive fission, with the emission 
of only neutrons, or with the addition of one or two 
protons. The last three columns show the values 
of the energy spent in the case of emissive fission 


with the emission of neutrons only, — the binding 
energy , of V,=A-A, neutrons, their average 
kinetic energy ee) and the average total energy 
of such a fission (re Ee Eee Ey. Whe 
average neutron kinetic energy was calculated from 
the relation LE, , = 27, where the nuclear tempera- 
ture 7’ is connected to the excitation energy U by 
the relation T =a WU. For this calculation we 
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TABLE II. Evaluation of emissive fission thresholds. 


Kinetic 


Number of emitted 


neutrons raed Ser svaleloball 
5 Be 1B Binding of N fission 
Nucleus A. ZETA. pt DE neu- energy 
(mev) (mev) of N trons |F 
neutrons Ee tot. 
E), (mev) Gnee (mev) 
ne ree ree een |e en ee ee ted el ee ee NE ee 
AUR 4.4 | (240) (5.7) (35,27) 0 0) 1 — — 4.4 
92288 5,2 | (240) (5.7) (35.27) 0) 0) 4 — _— 2.2 
91Pa221 4.6 | (237) (6.2) (34.94) 0 0) » — — 4.6 
901 h282 Ge2a| 2a One 34.91 0) 4 8 — — 6.2 
gg Ac??? Gg) |) 227 6.3 34.89 0 4 6 (8) —_— _ 6x5 
gghka226 hig ee Gad 34.88 4 6 (8) 10 20 8 39 
g7Fr228 Uh oe 6.5 (6 34,56 4 (6) 8 |10 (12); 25 (38) | 8 (12)|39 (56) 
(217 (34.88 
gen??? 8.8 rh 6.4 34.56 8 |10(12)) 14 50 22 78 
g5At?10 Gx6e 244 7 (6.3) 34.24 0 (1) 3 ci) (6.4) (1.4); 6.6 
(209) (34,57) (13.8) 
gaP0209 1.0) 206 6.8 34.25 3 +) 7 19 7 33 
g3Bi209 Ha3h |) AUR Us) 33.94 6 8 12 39 15 61 
goP b20% 10rd 200 Heidl 33.62 6 10 UP 44 15 64 
11 1204 1456) | A985 426 33.65 9 41 15 63 28 99 
golig?0t 1 2On | eO2 8.1 3pLoe 9 13 15 63 29 100 
ngpAul%? neds |) Bikey Teo 33.37 10 12 16 74 35 dail, 
agPtt95 Tay alkeyA 8.3 33.07 11 15 47 82 42 132 
771r}92 leet) AZAD Sno Sel 13 Ae eal) 98 53 159 
7g0s190 16.6 | 176 Suit Sonor 14 |16,\18)) 20 106 o9 174 
mpRels6 16.9 | 173 19.1 (8.3)} 32.54 |13(45)} 17 19 100 (418) |54 (67)} 163 
(171) F (32.89 (193) 
7a W184 18.9 | 168 8.8 32.60 16 18 _— 128 73 210 
malano: TO Tate A165 8)i5) SO) 16 -—- —= 128 74 Pa 


took the numerical value of « directly from the 
model of a Fermi gas which gives « = 2.92 47% 

( for a Fermi surface of 2] mev). The calculation 
of the critical fission energy according to Hill and 
Wheeler’, and the improvement of the calculation of 
A _ and the neutron binding energy taking account 
of whether the nucleus is even or odd, gives a 
significantly reduced value of NV, and the energy of 
emissive fission compared to reference 20, so that 
the results shown in Table 2 are close to our previous 
evaluations given in reference 9. 

It follows from the above assumptions on the 
conditions for emissive fission that we may 
consider the fission section of each nucleus as the 
cross section of emission before fission of 
W> N =A A , neutrons. Then the fission cross 


section of the given nucelus is 
Co 


= ge \ @() dn, 

Ne 
where cg. is the fission cross section of a nucleus 
which can divide without the emission of neutrons, 


and w(n) is the normalized probability of emission 
before fission of n neutrons. Comparing the fission 


on 


c 


cross sections of various nuclei, it is possible to 
determine the function w(n), i.e., distribution of the 
fission-accompanying neutron stars by the number 
of prongs, as well as to determine the average 
number of neutrons (for n > N.) emitted by the 
given nucleus before fission. It is necessary in 
such an evaluation to take account of the 
possibility that the excited nucleus will emit 
charged particles in addition to neutrons before 
fission. From their investigation of uranium fission in 
thick emulsions by 150 and 380 mev neutrons, the 
authors of reference 22 conclude that, in practice , 
the emission of one charged particle should be 
taken into account in each case of fission. We 
shall therefore work on the assumption that in 

each fission event one proton is emitted either 
during the internal cascade or in the subsequent 
evaporation process. Then we may, using the data 
of Table I, and taking the fission cross section of 
ea oe 7), detern:ine the dependence of o/o, on 
N , shown in Fig. 6. From this dependence and the 


226. E. Belovitskii, T. A. Romanova, L. V. Sukhov 
and J, M. Frank, J. Exper. Theoret. Phys. USSR 29, 537 


(1955); Soviet Phys. JETP 2, 493 (1956) 
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assumption that one proton is emitted before 
fission, we obtain the following values for the 
number of neutrons emitted before fission of U7*8 
for various bombarding energies: E. = 84 mev, 

N= 6.0; E,= 120 mev, N= 6.7; E,= 380 mev, 
N=7.1 (here the incident neutron is already taken 
into account). For lighter nuclei, the average 
number of neutrons emitted before fission turns out 
to be higher — for example in bismuth (from Fig. 5), 
normalizing tog=a,, we obtain E, = 84-380 mev, 
N=11-11.5 (counting the incident neutron). 

The results obtained are in satisfactory agreement 
with purely radiochemical investigation of the 
fission products of uranium! and bismuth? in high 
energy reactions; the average number of neutrons 
emitted during a fission event was there found to 
be 6-12 for uranium and 12 for bismuth. In compar- 
ing our values of V with those found by other 
methods, it should be borne in mind that the 
smeared out energy spectrum of the bombarding 
neutrons which raises the fission cross sections of 
U and Th, and lowers the fission cross sections of 
the lighter nuclei, has the effect of somewhat 
lowering the value of N The excitation energy 
necessary for emissive fission shown in Table Il 
for nuclei heavier than Ta, and calculated by us 
for lighter nuclei in reference 9, is also in 
satisfactory agreement with the results of emulsion 
studies of emissive fission by Shamov?. 

Such agreement with experiment seems to 
justify the simple qualitative interpretation we 
have made of the fission of heavy nuclei by high 
energy particles, based on equating the neutron 
binding energy with the critical fission energy of 
the nucleus after the emission of neutrons. 

The comparisons between experiment and 
calculation can not aspire to be quantitative ly 
exact, if only because the data represent averages 
over the isotopic composition of the elements and 
over the energy spectrum of the bombarding 
neutrons. However, even the qualitative observa- 
tions allow some conclusions to be drawn about 
the general nature of fission of various nuclei by 
high energy particles, and allow the proposal of 
some experiments to check on the assumptions 
that were made above. For example, it follows 
from Fig. 6 that the ratio o/o_= f(V_) falls off 
very rapidly for nuclei lighter fhan thorium. If we 
take into account the lowering of the fission cross 
sections of lighter nuclei by the smearing of the 
neutron energy spectrum, then the tails of the 
curves on Fig. 6 for z = T4 - 78 are raised strongly. 
The dependence of o o, on \_ is then divided into 


2 o> Wer. Shamoy, Dissertation, Radium Inst. Acad. 
Sei. (RIAN), 1955. 
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three regions - slow decrease (from U to Th, and 
for nuclei lighter than Au), and a region of fast 
decrease from Th to Au. The existence of three 
such regions is apparently connected with the fact 
that for nuclei from U to Th and lighter than Au in 
the present energy interval, fission may occur with 
the emission of less than V =A - A_ neutrons. 
This conclusion is in agreement with the 
theoretical results of Geilikman?*, who examined 
the thermodynamics of excited and fissioning 


20t 


56 &§§ © @2 HR 
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Fic . 6. Dependence of the fission cross section of 
nuclei on the minimum number of neutrons which must be | 
emitted before fission (assuming that one proton is also 
emitted). ] -E_=84 mev; 2—-E_ =120mev;3—E 

n R 
=380 mev. 


n 


nuclei. He concluded that high temperature fission 
from a highly excited state may compete with 
emissive fission for the heaviest nuclei where 
fg a and for the relatively light nuclei, 
which must emit a very large number of neutrons 
for emissive function. 


Similar conclusions can be drawn from recent 


ae T. Geilikman, Report of the Acad. Sciences USSR, 
50. 
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Soviet work on the fission of heavy nuclei by high monoenergetic neutrons. It would be interesting to 
energy particles using emulsions”> as well as to measure the fission cross section for 
ee chemical methodig2o27. separated isotopes — particularly those with neutron 
To check on the assumptions we have made it deficit, in which case fission does not re quire 
would be desirable to perform experiments with multiple emission of neutrons. The fission cross 
sections of some similar isotopes (for example 
207-209 -25 2 1 
25 N. A. Perfilov, N. S. Ivanovna. O. V. Lozhkin, At ; 0 must be of the order of 10“ °cm*. The 
V. I. Ostroumov and V. P. Shamov, paper at the July comb ination of data on emissive fission of various 
1955 meeting of the Academy of Sciences, USSR. isotopes at high energies may be used to determine 
26 A. P. Vinogradov, I. P. Alimarin, V. I. Baranov, the neutron widths and fission widths of strongly 
T. V. Baranova, A. K. Lavrukhina and F. I. excited heavy isotopes with neutron deficits, which 
Pavlotskaia, paper at the July 1955 meeting of the arewmotlatrallid Ais : . 
Ee ciemy of Sciences, USSR. at all formed in experiments at low energies. 
27 B. V. Kurchatov, V. N. Mekhedov, M. Ia. 
Kuznetsova and L. N. Kurchatova, paper at the July Translated by G. L. Gerstein 
1955 meeting of the Academy of Sciences, USSR. 272 
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Investigation of the Structure of the Surface of Films of Copper Oxide on Different Faces 


of a Monocrystal of Copper, and the Determination of the Contact Potential Difference 
between These Surfaces 
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(Submitted to JETP editor July 3, 1954) 


J. Exper. Theoret. Phys. USSR 29, 808-816 (December, 1 955) 


The structure of the surfaces of films of copper oxide formed on various faces of a mono- 
crystal of copper is investigated using the method of diffraction of slow electrons. It is 
found that on faces (100) and (111) of a monocrystal of copper there is formed a monocrys- 

= talline film of Cu,O with a (11 1) plane parallel to the base. On face (110) a monocrys- 
talline film of Cu,O is also formed but with a less perfect crystalline structure and with a 
(110) surface plane. Investigation of the contact potential difference by the method of dis- 
placement of the volt-ampere characteristic curves demonstrated that films of Cu,O on 
faces (100) and (111) of a monocrystal of copper have the same work function (6.2V), and 
consequently, have the same crystalline orientation. The film of Cu,O on the (110) face 
of copper possesses a larger work function (0.3v), and also has stroriger adsorptivity of 
residual gases than films of Cu,0 on faces (100) and (111), which indicates a difference 


in the properties (orientations) of the film of Cu,O on face Cu (110) and of films of Cu,0 
on faces Cu (100) and (111). 


Iy order to clarify the results obtained during the crystalline structure of these films and also the 


investigation of secondary electron emission work function of the surface of these films. With 
| from the surfaces of various faces of a monocrys- this aim in mind, we carried out investigations of 
| tal of copper which were covered with films of the surface structure of monocrystalline specimens 


by the method of diffraction of slow electrons and 
the contact potential difference between the 
surfaces of the investigated specimens. 

Numerous investigations have demonstrated that 
after pure copper, polycrystalline or monocrystal- 


4 a ae J. Exper. Theoret. Phys. USSR 26, line, is exposed to the atmosphere for a certain 


| Copper oxide! , it was necessary to determine the 
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length of time, its surface undergoes oxidation. A 


1) 
film of copper oxide several tens of A in thick- 
ness”’° forms at atmos pheric pressure and at room 
temperature. According to references 4 and 5, the 
thickness of a film of copper oxide on the surfaces 
of monocrystals of copper having various 
crystallographic directions varies. However, the 
data in these two references do not coincide. 
Various conditions of film formation (temperature, 
pressure of the gaseous medium, etc.) can lead to 
varying results with regard both to thickness of 
film as well as the structure of the film itself. Ap- 
parently, the very mechanism of formation of the 
films differs at low and high temperatures”. The con- 
ditions under which Gwathmey and Benton® carried 
out their oxidation processes most closely 
resembled ours. They found that the thickness of a 
layer of copper oxide decreases on the planes of a 
monocrystal of copper according to the following 
order: (100), (111), (110). The results of the 
work in reference 6 also agree with these results. 
During the investigations recently carried out by 
Rhodin’ it was demonstrated that the thickness of 
the oxide film which formed on the (100) face of a 
monocrystal of copper increases rapidly at first, 


and then remains almost unchanged (up to 40 hours). 


At room temperature, the thickness of the oxide 
film on the (100) face attains 152. 

A number of researchers have been occupied with 
the study of the structure of copper oxide films 
formed on the various faces of a monocrystal of 
copper, with the aid of the method of diffraction of 
fast electrons or of X-rays. However, the results 
of these investigations show no conformity. 
Pinsker and Tatarinova® are of the belief that, 
aside from a certain quantity of copper oxide in the 
form of a polycrystalline powder, the basic mass 
of Cu,O is precisely oriented with respect to the 
metallic copper. Pinsker” indicates that, according 
to the degree of increase in the concentration of 
the oxide phase of the monocrystalline film of 


2.N. Cabrera and N. F. Mott, Reports of Prog. in Phys. 


12, 174 (1949). 


3 U. R. Evans, Metallic Corrosion Passivity and 
Protection, E. Arnold, 1949. 


: J. Bernard and J. Talbot, Comptes rend. 225, 411 
(1947). 
epAgel Gwathmey and A. F. Benton, J. Phys. Chem. 
46, 969 (1942). 


© p. A. Thissen and H. Schiitze, A. anorg. allgem. 
Chemie 233, 35 (1 937). 


7 T.N. Rhodin, J. Amer. Chem. Soc. 72, 5102 (1950). 


8 7. G. Pinsker, Diffraction of Electrons, Acad. Sci. 
Publishing House, 1 949, 

9 A. G. Pinsker, Izv. Akad. Nau, SSSR, Ser. Fiz. 13, 
473 (1949). 
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copper, a precise mutual orientation takes place 
between the Cu,0 and the copper, during the 
course of which three basic types of orientation 
are observed: on the (100) faces of the copper the 
copper oxide distributes itself with faces (111), 
(110) and (100). In references 10, 11 the authors 
come to the conclusion that an oxide film of mono- 
crystalline structure forms on the (11 0) and (111) 
faces of nonocrystal of copper, while a homo- 
geneous face of Cu,O film distributes itself 
parallel to the face of the copper. The (100) face 
of the copper is covered by (111) planes of copper 
oxide. 


THE INVESTIGATED SPECIMENS AND THE 
VACUUM TUBE DEVICE 


After the orientation of the copper monocrystal 
was determined by optical means, and the basic 
crystallographic directions on the monocrystal 
were noted’ ?, three discs having a diameter of 
approximately 10 mm and a thickness of 0.6-0.8 mm 
were cut from the copper; the surfaces of these 
discs coincided with various crystalline faces, 
namely: (001), (011 ),and (111). 

After fabrication of the discs and a preparatory 
mechanical and electrical polishing process, they 
were etched with a special mixture (see reference 
12) in order to make sure that the superficial layer, 
which was deformed during the mechanical 
processing, was completely removed by the 
electrolytic polishing process, and in order to 
check the crystalline orientation of the planes of 
the discs, according to the method described in 
reference 12. Then the discs were polished 
mechanically with a thin paste of GOI and,finally, 
they were polished electrolytically to a mirrorlike 
finish. In addition to this, a disc having exactly 
the same dimensions was prepared from a fragment 
of polycrystalline copper and polished in the same 
manner. 

Imme diately following their fabrication, the 
specimens were mounted in place in the tube. The 
tube was subjected to a lengthy process of evacua- 
tion, while the space representing the electron 


trap of the tube (normally filled with liquid air) was i 


heated to room temperature for a period of time 
sufficient to rid it of water vapor. Subsequent 


de-gassing of the tube was carried out over a period | 
of 4 days at a tube temperature of up to 450°C; the | 


10 kK. H. Moore, Ann. Physick 33, 133 (1938). 


11 &. Menzel, A. anorg. Chemie, 256, 49 (1948) 
{Annals of the All-Union Mineralogical Society). 


> Nees Gorny, Zap. Vses. Mineral Ob-va 80, 245 
(1951). 
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metal parts were subjected to a supplementary 
heating process by means of electron bombardment 
and by high frequency currents till they glowed 
deep red. After attainment of a high vacuum (less 
than 10°° mm mercury) the tube was sealed off and 
the getters were vaporized in special compartments 
of the tube. 

It was expedient to carry out the investigation of 
the structure of the surfaces and the contact 
potential differences in the very same tube and 
under the very same conditions prevailing during 
the investigation of secondary emission. We 
employed a relatively simple tube construction , 
which made it possible to carry out the investiga- 
tion of both the secondary emission and the 
diffraction of the electrons as well as the contact 
potential difference. 

In the vaccum tube which we utilized (Fig. 1) a 
narrow electron beam emitted from the tantalum 
electron gun impinged perpendicularly on a platform 
consisting of a tungsten disc situated at the center 
of the sphere represented by the vacuum tube; the 
platform could be turned by means of electromagnets 
and set to the desired position. The specimens 
undergoing investigation were fastened to the 
platform - these were monocrystals of copper with 
planes corresponding to faces (001), (011) and 
(111), and polycrystalline copper. By preliminary 
experiments using the method of cathode lumines- 
cence, the position of the electron spot issuing 
from the gun was determined relative to the light 
spot. The diameter of the electron spot was of the 
order of 1] = 1.5 mm. 

INVESTIGATION OF THE SURFACE STRUCTURE 

OF FILMS OF Cu,0 


In investigating the surface structure of the 
specimens, we employed the method of diffraction 
of slow electrons, measuring the dependence of the 
current at a constant angle on the energy of a 
primary cluster of electrons. 

A tantalum Faraday shield measuring 8 x 5mm 
(Fig. 1) was used as an electron receiver during 
the investigation of diffraction. The current in the 
cylinder was measured by a vacuum tube electrome- 
ter having a sensitivity of 107° A/mm at an 
input resistance of 10°” ohms. 

In order to avoid leakage losses to the glass 
support of the Faraday cylinder, a protective 
cylinder is employed which is held at the same 
potential as the Faraday cylinder. With the same 
aim in mind, the surface of the support is ' 
deliberately enlarged, and on the outside the point 
of issuance and the entire glass base are covered 
with ceresin to increase the degree of isolation. 
A retarding potential is applied to the outer 
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cylinder, which prevents the possibility of entry 
into the receiver of any electrons which have lost 
energy greater than one electron volt. The actual 
value for the accelerating potential, which 
depended on the contact potentials and on the 
voltage drop across the cathode filament, was 
determined experimentally. The retarding potential 
at which the current in the receiver becomes equal 
to zero, is apparently equal to the actual value of 
the accelerating potential. From this, it is pos- 
sible to find a correction factor, which it is 
necessary to apply to the reading of the voltmeter 
measuring the accelerating potential. 
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FIG .1. Vacuum tube device. ] - electron gun; 2 - 
platform; 3 - objects under investigation; 4 - thermo- 
couple; 5 - heater filament; 6 - small iron rods imbedded 


in glass; 7 - locking spring; 8 - collector; 9 - Faraday 
cylinder; 10 - cylinder with diaphragm; 1] - quartz tube; 
12 — protective cylinder; 13 - ceresin, 14 — getter. 


In order to prevent distortion of the trajectory of 
the electrons in the tube during the measurements, 


the earth’s magnetic field was compensated for 
by two Helmholtz coils having a diameter of 1m. 
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The experimental data we obtained are presented __ in arbitrary units. The ne asurements were carried 
in Fig. 2. The abscissa shows the energy of the out at room tomperates and at specimen tempera- 
incident electrons in volts; the ordinate gives the tures of 350° and 450°C. Heating was accom- 
number of electrons distributed without velocity plished by a heater filament located inside the 
loss (or more precisely, which have lost no more platform. 
than 1 v) in the Faraday cylinder. The ordinate is 
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Fic . 2. Diffraction curves obtained: a = from the (100) plane of a monocrystal of copper (plane 
(111) of copper oxide); b-from the (111) plane of a monocrystal of copper (plane (111) of copper 
oxide); c-from the (110) plane of a monocrystal of copper (plane (110) of copper oxide); curve 2 
is obtained at 450°C, curve J] at 350°C; d- are curves obtained from the surface of polycrystalline 
copper (polycrystalline surface of copper oxide). All curves ] are obtained at room temperature: in 
graphs a, b, and d, curves 2 are obtained at 350° and curve 3 at 450°C. 


Investigations demonstrated that the magnetic necessary to point out that the diffraction maxima 
field of the tungsten spiral used for heating obtained are weakly expressed and rather broad. 
affected the measurements, and for this reason This is most probably a result of the nonsymme- 
before each reading, after the temperature of the trical positioning of the receiver and the electron 
specimens had been brought to its predetermined gun, as has been indicated in the investigations of | 
value and had been maintained for the prede- Lashkarev!?, who observed an abrupt drop in the 
Beaune of time, the heating current was intensity of expression of the maxima upon 

urned off, 


The presence of maxima in the diffraction curves 


of the monocrystalline Copper specimens indicates 13 V. E. Lasharev, Diffraction of Electrons, GTTI 
a monocrystalline structure of the surface. It is 1933. 
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changing from a symmetrical to a nonsymmetrical 
receiver with respect to the electron gun. In the 
case of the polycrystalline specimen (Fig. 2d) the 
scattering curve proved to be smooth and without 
maxima, both at room temperature and at elevated 
temperatures. 

We attempted to compute the diffraction maxima, 
hypothesizing that the scattering originated in the 
copper lattice; however, negative results were 
obtained. It was then that we attributed these 
maxima to scattering from the monocrystalline film 
of copper oxide formed on the surface of the mono- 
crystal of copper. 

Copper oxide, in crystallizing, forms a volume- 
centered crystalline lattice with a periodicity of 
4.26 A. The values for the energy of the electrons, 
at which the maxima appear on the diffraction 
curves, conform with the following hypotheses as to 
the disposition of the crystalline lattice of the 
copper oxide on the copper lattice. On face Cu 
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(111) there is formed a monocrystalline film of 
oxide with a (111) face parallel to the base, but 
rotated 30° about the vertical axis with respect to 
the copper lattice (Fig. 3a). On face Cu (001) 
there is formed a monocrystalline film of copper 
oxide with a (111) face parallel to the base, 
whereas the edge of the (111) face of the Cu,0 is 
rotated 15° about the vertical axis with respect 
to the edge of Cu face (001) (Fig. 3b). A (011) 
face of copper oxide, rotated about the vertical 
axis by an angle of 35° is located on Cu face 
(011) (Fig. 3c). The dispositions of the lattices of 
copper oxide on copper described above agree with 
the data obtained in references 6, 9,10. This 
sort of accretion of copper oxide on copper is 
apparently connected with the magnitudes of the 


constants of the copper (3.6 A) and Cu,0 (4.26 A) 


lattices. The most favorable conjectures of the 


lattices of copper oxide and copper are obtained 
with the dispositions indicated above. 


(100) 


Fic . 3. Schematic of the mutual dispositions of the lattices 
of copper oxide and copper. The broken line represents the 
lattice of copper, and the solid line the lattice of Cu,O. The 
primary cluster of electrons falls on the monocrystals from 


above. The arrows show the direction of the dispersed elec- 
trons to the Faraday cylinder. The zones of the copper lattice 


are shown in each drawing. 


The arrows on the diffraction graphs (Fig. 2) 
show the potentials corresponding to the wave- 
lengths, computed on the basis of interferential 
conditions, for the maxima for normal electron fall 
(for our specimens). The corre spondence of the 
potentials at which the experimental maxima were 


obtained with the computed maxima is satisfactory. 
Here it may be noted that while in the investiga- 
tion of copper oxide on monocrystals of copper 
having (001) and (111) planes maxima were 
obtained even at room temperature of the 
specimens, and the positions of these maxima 
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remained unchanged even at a temperature of 
350°C (Figs. 2a and 2b), in the curves for copper 
oxide on the(] 10) plane of a monocrystal of copper 
there are no expressed maxima either at room 
temperature or at 350°C, and only at 450°C did 

a weakly expressed maximum appear. These data 
indicate a less perfect monocrystalline structure 

of the copper oxide film on the (110) face of copper 
than on the (111) and (100) faces of copper, 
apparently as aresult of lesser thickness. Accord- 
ing to the data by Pinsker, thinner layers of 
copper oxide have a less perfect, dispersive 
structure formed of tiny monocrystals~, 

We also investigated the effect of temperature on 
the intensity of reflection of the electrons for all 
specimens. Figure 4 shows the experimental 
results we obtained. The abscissa represents the 
time in minutes from the instant the heating current 
was switched off, at t = 450°C (reduction of 
temperature); the ordinate is the intensity of scat- 
tering of electrons (in relative units) with energy 
conditions unchanged. The intensity of scattering 
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of the electrons for the two investigated surfaces - 
the (111) plane of copper oxide on the (100) face 
of the copper (Fig. 4a and also Fig. 2a) and the 
(111) plane of copper oxide on the (111) face of 
the copper (Fig. 2b) - decreases as the temperature 
goes up. These data coincide with the results 
obtained by Kalashnikov and Zamsha on a mono- 


crystal of silver! 4. However, for the (110) plane 
of copper oxide on the (110) face of copper, the 
intensity of dispersion of the electrons at first 
drops, and then only upon continued reaction in 
temperature, increases (Fig. 4b). These data for 

a film of copper oxide on the (110) face of copper, 
and the circumstance noted above that for such a 
film weakly expressed maxima are observed only at a : 
temperature of 450°C, and at lower temperatures (350°C 
and room temperature) they are not expressed in the dif- 
fraction curves, can be explained by the more powerful 
adsorption of residual gases on the oxide film 
formed on the (110) face of the copper as a result 
of its imperfect structure. This has been confirmed 
by arecently published research paper? 3 
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Fic. 4. Effect of change in temperature on the 
intensity of reflection: a - from the (111) plane of copper 
oxide; b-from the (110) plane of copper oxide. 


INVESTIGATION OF THE CONTACT POTENTIAL 
DIFFERENCE 


In order to check the correctness of our conclu- 
sions that a monocrystalline film of copper oxide 
having the same orientation with respect to the 
(111) plane and parallel to the base accumulates 
on the (001) and (111) faces of monocrystals of 
copper, we carried out measurements of the 
contact potential difference by the method of dis- 
placement of the volt-ampere characteristic curve’ ©? 7 


16 ip BM. Tsaryev, The contact potential difference, 
GITTL, Moscow, 1949. 


17 p, A, Anderson, Phys. Rev. 47, 958 (1935). 


A series of investigations’ ® 2° have shown that 
the work function differs for various faces of a 
monocrystal of one and the same metal. If the 
contact potential difference between the two mono- 
crystalline planes of the very same substance is 
equal to zero, i.e., if these planes possess the 
same work function, then with a high degree of 


14 ¢. G. Kalashnikov and O. I. Zamsha, J. Exper. 
Theoret. Phys. USSR 9, 1408 (1939). 


15 T,N. Rhodin, J. Amer. Chem. Soc. 72, 5691 (1950). 
18s. T. Martin, Phys. Rev. 56, 947 (1939). 

19° M. H. Nichols, Phys. Rev. 57, 297 (1940). 

20 Pp, A. Anderson, Phys. Rev. 59, 1034 (1941). 
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probability one may conclude that these planes 
represent the same crystalline faces. 

The contact potential difference between the 
investigated specimens was measured in the very 
same vacuum tube device which was used in 
investigating the diffraction of the electrons. An 
extreme ly important requirement for these measure- 
ments was the specification that the primary current 
be maintained constant (within limits of 0.5%). 

This was accomplished by connecting a constant 
resistance into the heating circuit, and regulation 
of the heating current was accomplished (extremely 
smoothly) by means of two potentiometrically con- 
nected, plug-in type resistance boxes. The 
magnitude of the primary current could be judged 
fron: the readings of the microammeter. During 
these experinents, compensation for the earth’s 
magnetic field was performed by two Helmholtz 
coils. 

Figure 5 shows the experimentally determined 
curves for the investigated specimens. The values 
of the current across the individual specimens are 
graphed along the ordinate in relative units, while 
the difference between the unvarying accelerating 
potential and the varying retarding potential 
= - V, is graphed along the abscissa. The 
potentials were measured with an accuracy of 
£0.02 v. The displacement of the volt-ampere 
curves in the steep portion determines the contact 
potential difference between the corresponding 
specimens. 

At room temperature (Fig. 5a) the contact 
potential difference between all the specimens is 
almost equal to zero, and consequently, the work 
function, too, is almost the same for all the 
investigated planes at room temperature. Upon 
increasing the temperature to 350°the work 
functions of the monocrystalline planes changed — 
they increased (Fig. 5b) with respect to the poly- 
crystalline surface and with respect to the work 
function for these planes at room temperature, and 
in this instance to the greatest degree for plane 
(110). At a still higher temperature (450°C) 

(Fig. 5c) the work function of plane (110) grew 
even greater, exceeding the work function of the 
polycrystalline surface by Ag=0.5v. As for the 
work functions of both planes of the films of copper 
oxide formed on the (001 ) and (111) faces of 
copper, at room temperature they were the same; 
upon raising the temperature to 350°C they changed 
equally with respect to the work function of the 
polycrystalline surface (by A ¢ = 0.2v); and upon 
raising the temperature to 450°C their work 
functions remained unchanged and almost equal 

for both of the planes. Upon raising the tempera- 
ture to 500°C, the disposition of the volt-ampere 


curves for all the investigated specimens remained 
the same as at 450°C. 


Fic . 5. Volt-ampere characteristic curves, obtained: 
a-at room temperature of the specimens; 6 - at a 
temperature of the specimens equal to 350°C; c - at a 

: ° 
temperature of the specimens equal to 450-C. Curves J 


for films of Cu,O on polycrystalline copper; 2-for films 
of Cu,O on the (111) face of copper; 3-for films of 
Cu,0 on the (100) face of copper and 4-for films of 
Cu,0 on the (1 10) face of copper. 
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EVALUATION OF THE RESULTS 


On the basis of our experimental data, we can 
draw the following conclusions. The value of the 
contact potential differences among all the 
specimens, which is almost equal to zero at room 
temperature, indicates that at that temperature 
all the specimens are covered with adsorbed 
molecules of residual gas. Upon increasing the 
temperature to 350°C the oxide film on the poly- 
crystalline copper and the oxide films on the 
(100) and (111) faces of the copper monocrystal 
clear themselves of adsorbed molecules of gas. 
The surface of the oxide film on the (110) copper 
face was cleared of molecules of residual gas only 
at 450°C, which is indicated by the change in its 
work function during increase in temperature right 
up to 450°C (Fig. 5), and also by the appearance 
of diffraction maxima only at this temperature 
(Fig. 2c). The course of change in intensity of 
scattering with decrease in temperature (Fig. 2c) 
also indicates more powerful adsorption of the 
molecules of the residual gases on-the oxide 


film” , formed on the (110) face of the copper as a 
result of the less perfect crystalline structure of 
this film as compared to the films formed on 
copper faces (100) and (111). The less perfect 
crystalline structure, as we have already 
nentionea,apparently is connected with the lesser 
thickness of the film on the (110) face of the 
copper. 

The equal values for the work function of the 
two copper oxide films, formed on faces (100) and 
(111) of the monocrystal of copper, confirm our 
conclusion (based on our investigations of the 
diffraction of electrons) as to the formation of 
similarly oriented films of copper oxide (with a 
(111) plane parallel to the base) on these Cu 
faces. The work function of films of Cu,O on the 
(110) face of Cu differs from the work function 
for films of CuO on the (100) and (111) faces of 
copper, which indicates a different crystalline 
orientation of this film, in conformity with the 


* 

This conclusion is verified by Rhodin? ee who dis- 
cusses investigations of the heat of adsorption of 
nitrogen on polycrystalline copper and on the faces of a 
monocrystal of copper covered with a film of Copper 
oxide; the investigations employed the method of 
measuring the adsorption with the aid of vacuum.type 
microbalance scales for several] values of temperature. 
The izivestigations demonstrated that the heat of ad- 
Sorption differs for various surfaces and increases 
according to the following order: pollycrystalline 
surface Y 2500 cal/mol; (111) face © 3300 cal/mol; 
(100) face © 3500 cal/mol; and (110) face 
~ 4000 cal/mol. 


results obtained in the investigations of their 
structure by the method of electron diffraction. 

In connection with the results obtained, we would 
like to make the following two remarks: 1) These 
results are in conformity with general considera- 
tions, which consist of the fact that a crystal- 
line face in which the superficial atoms are more 
densely packed (as is the case with volume- 
centered cubic lattice (110)2! should have a 
greater work function than a face with less dense 
concentration of the surface atoms (111). 2) At the 
same time that the work function for the (111) 
plane of the copper oxide remains unchanged (with 
change in temperature from 350°C to 450°C), the 
diffraction curve for the same plane (Fig. 3b) 
changes with change in temperature over the same 
range. This apparently confirms the conclusions 
of Farnsworth** with regard to the fact that only 
the upper atomic layer affects the diffraction, 
while the work function depends on a deeper layer. 

The vacuum tube device described in this 
article (Fig. 1) was also utilized in the investiga- 
tion of secondary emission from the examined 
surfaces of the monocrystalline specimens of 
cop er! . The data obtained in the present work 
made it possible to explain the following peculiari- 
ties of the secondary emission for the investigated 
monocrystalline surfaces (for a more detailed 
account see reference 1 ). 

For the monocrystalline specimens of copper 
with superficial planes (100) and (111), the same 
values for the coefficient of secondary emission 
6 and the same course of the curves 6 = f(V__) were 
obtained. Here V_ is the energy of the primary 
electrons. This agreement is attributed to the fact 
that the same monocrystalline films of copper 
oxide with (111) surface planes form on the mono- 
crystalline (100) and (111) surface planes of 
copper. 

The relative variation in 5 with change in 
temperature from 20° to 500°C for the (111) plane 
of copper oxide are less than the relative varia- 
tions in 6 with change in temperature within the 
same limits for the (110) plane of copper oxide. 
This result points to the presence of greater 
contamination by molecules of residual gas at room 
temperature on the (110) plane of the copper oxide 
than on the (111) plane. The data obtained in 
this work with regard to the fact that a monocrys- 
talline film of copper oxide on the (110) face of 
Copper possesses a less perfect crystalline 


21 . ; 
K. Khering and M. Nikol’s, Thermoelectronic 
Emission, IL, 1950. 


*2 1. E. Farnsworth, Phys. Rev. 81, 652 (1951). 
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structure, and consequently, also greater 
capability of adsorption than a monocrystalline 
film of Copper oxide with a (111) surface plane, 
conforms with the result given above. 

The coefficient of secondary emission § for the 
monocrystalline specimen with a (1] 0) surface 
plane at a temperature of 500°C has a somewhat 
lesser value than for the two other monocrystalline 
specimens of Copper oxide with a (1] 1) surface 
plane at the same temperature. This may result 
from the fact that the work function of the (1] 0) 
plane of copper oxide is greater than the work 


function of the ayes plane of copper oxide. 

It may be noted that the juxtaposition of the 
results of the investigation of the structure of the 
surface of monocrystalline films of copper oxide 
and the contact potential difference between them, 
with the results of the investigation of secondary 
emission for these films, proved to be extremely 
useful in the explanation of these results. 


Translated by A. Certner 
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Experiments on the Investigation of the Breakdown of NaCl Crystals 
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J. Exper. Theoret. Phys. USSR 29, 817-821 (December, 1955 ) 


The development of cracks during the stretching of specimens of NaCl monocrystals was 
studied by the method of cinematography in polarized light. It was shown that the cracks 
spread intermittently. The development of the cracks is prevented by the shearing bands 
which they have to cross. It is assumed that the propagation of the cracks is prevented by 
the regions of the shearing bands in which compression stresses are present. Regions of 
shearing bands having stretching stresses apparently do not prevent their development. 


A CONSIDERABLE number of investigations 
have been devoted to the study of the proces- 
ses of shear origination and the breakdown of 
NaCl monocrystals. Of these investigations, the 
studies of Stepanov and his co-workers!~” are of 
great importance. In these studies the process of 
the artificial origindion of shear and that of the 
appearance of cracks was investigated. However, 
the main conclusions regarding the relationships 
of the appearance and of the growth of cracks in 
crystals were arrived at by Stepanov on the basis 
of indirect experiments®~*°, and the data of direct 
observations are cited by him only in one investiga- 
tion*, and these are limited to a small number of 
experiments. On the basis of his investigations, 
Stepanov arrives at definite conclusions regarding 
the relationship between the appearance of cracks 
and shear-origination, stating that the formation of 
shear facilitates the origination of cracks. The 
effect of plastic deformation on the development of 


1A. V. Stepanov, J. Exper. Theoret. Phys. USSR 17, 
606 (1947). 


2 A, V. Stepanov, J. Exper. Theoret. Phys. USSR 18, 
741 (1948). 


BoA Stepanov and E. A. Mil’kamanovich, J. Exper. 


Theorét. Phys. USSR 18, 773 (1948). 


AL: Stepanov, J. Exper. Theoret. Phys. USSR 18, 
776 (1948). 


Se AS Vic Stepanov and E. A, Mil’kamanovich, J. Exper. 
Theoret. Phys. USSR 21, 401 (1951). 


EeACAV: Stepanov and E. A. Mil’kamanovich, J. Exper. 
Theoret. Phys. USSR 21, 409 (1951). 


CATV Stepanov, Izv. Akad. Nauk SSSR, Ser. Fiz. 17, 
342 (1953). 


8 A. V. Stepanov, J. Exper. Theoret. Phys. USSR 7, 
1168 (1937). 


° A. V. Stepanov, J. Exper. Theoret. Phys. USSR 7, 
663 (1937) 


10 A. V. Stepanov, Izv. Akad. Nauk SSSR, Otd. Matem. 
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an already initiated origin of a crack hardly re- 
ceived any attention in these investigations. In 
the present investigation we are continuing the 
studies of Stepanov on the phenomena of the 
breakdown of NaCl monocrystals by direct ob- 
servations of the origination and growth of cracks. 
Observations of shear-origination were also car- 
ried out simultaneously. The results of the latter 
observations will be published in another paper. 

The growth of cracks was observed on speci- 
mens subjected to a gradually increasing stretch- 
ing tension. The direct observation of the 
stretched specimens under a microscope in polar- 
ized light using crossed polaroids was later re- 
placed by microcinematography under the same 
conditions. The specimens studied were of rec- 
tangular cross section having an area of 15-30 mm 
and a length of 40-50 mm, and were spalled along 
the cleavage planes from natural crystals of rock 
salt of the Artemov region. 

All the specimens studied were subjected to an 
initial anneal, which was carried out in accordance 
with the following schedule: first the specimens 
were heated gradually for two hours in a muffle 
furnace up to a temperature of 600°C. They were 
maintained at this temperature for 2-2 hours, 
then gradually cooled for 4-5 hours, down to a 
temperature of 200° C. After this the furnace was 
disconnected. As aresult of such an anneal, the 
primary shear bands (present in the nonannealed 
specimens and clearly visible with crossed polar- 
oids ) disappeared or became hardly noticeable. 
The annealed specimens were washed with water 
so as to remove the surface defects as much as 
possible. 

Copper foil terminals were glued with BF-2 glue 
to the ends of the specimens. These terminals 
were used to secure the specimens to the ends of 
a self-centered suspension device. As shown by 
our experiment, such a simple device of attaching 
the terminals was found to be very reliable and 
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can be recommended for use not only with NaCl 
crystals, but also with crystals of other sub- 
stances. 


Fic. 1. Diagram of the apparatus for the microcine- 
matography of the process of shear origination and 
breakdown in monocrystals. 

A special apparatus was set up for the micro- 
filming of the growth of cracks (Fig. 1). A heavy 
brass frame b, having two adapters (stationary and 
movable ), was fastened to the table of the micro- 
scope. The terminals, glued to the specimens 
under investigation, were attached to this frame, 
and the movable adapter was connected to a copper 
truss spanned over the clock c. A high cylindrical 
vessel d,filled with water slowly flowing out 
through a syphon, was suspended from a hook 
which was attached to the end of the truss. A 
communicating vertical tube was attached to the 
vessel, making it possible to take readings of the 
quantity of water poured into the vessel by the 
scale marked on it. A 16 mm cine-camera e, which 
was attached to the vertical column f,was in- 
stalled under the microscope. A projection lamp 
g of 300 W with a condenser was used as the light 
source. 


Owing to the comparative slowness of the proces- 


ses under study, the photographig was slow. For 
the automatic control of the photographing, a so- 
called Zeitraffer* was developed--it is an instru- 
ment which makes it possible to regulate and 
maintain a constant frequency during photograph- 
ing. The Zeitraffer made it possible, when neces- 


* The apparatus was developed and constructed at our 


request by V. G. Govorkov to whom the authors ex- 
press their gratitude. 


sary , to change over quickly from one frequency of 
photographing to another, and it also ensured the 
automatic switching on of the projector a definite time 
before the photographing of each frame, and 
switching off after the picture was taken, when the 
time interval between frames was fairly long. 

In the majority of experiments the photography 
was carried out within the time intervals of 8 
seconds. The rate of loading was of the order of 
5 gm/mm? per minute, varying (within small 
limits ) from experiment to experiment, and even 
during the experiment. In several of the experi- 
ments, the further loading was stopped after 
attaining a definite tension and continuous 
photographing was carried out at constant tension. 
In these cases the time intervals between the 
frames was increased to 15 minutes and longer. 
Noting down from time to time the value of the 
load and the corresponding number of the frame during 
the experiment, it was possible later, when analyz- 
ing the film obtained, to establish which of the 
processes originate or develop for the particular 
loads. 

In order to facilitate the origination of cracks, 
scratches perpendicular to the length of the ribs 
of the specimen were made (prior to the experi- 
ment ) on two adjacent faces of each specimen 
with the aid of a Martens sclerometer. Later the 
scratches were made not with a sclerometer, which 
produces a plastic line with smooth straight 
edges, but with a thin sharp needle producing a 
frangible line with broken edges. Such a line 
gave rise to more microdefects from which the 
breakdown of the specimen could originate. 

The specimen was fastened into adapters in a 
position such that one of its side faces was perpen- 
dicular to the optical axis of the microscope. The 
crossed polaroids (one of which was fastened on 
the table and the other on the object of the micro- 
scope ) were installed in a manner such that the 
vibrations which pass through them were parallel, 
and perpendicular to the axis of the specimen. 
With such a position of the polaroids, the axis of 
the optical indicatrix, produced by the stretching, 
was parallel to the direction of the vibrations 
in one of the polaroids and, therefore, the stretched 
specimen remained opaque in the crossed polar- 
oids. Onthe dark background of the specimen, 
the end of each crack is always clearly visible 
owing to the presence around it of overstrain, 
which produces local translucencies in the form 
of two or four light beams issuing from the end 
of the crack (Fig. 2a). 

In addition to the cracks, there are also clearly 
visible on the dark background of the specimen the 
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FIG. 2. Microphotographs of cracks in NaCl crystals (crossed polaroids): a-cracks: 


originated during the stretching of the specimen; b-a crack spreading along the cleav- 
age plane during the spalling of the specimen. Magnification x 22. 
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light shearing bands produced along the planes 
(110), in which the stresses are no longer 
orientated along the axis of the specimen, but 
approximately along the shears. The most in- 
tense shear bands emanate from the trace of the 
scratch. It should be noted that the observations 
of the shear bands in two directions, perpendicular 
to two adjacent faces of the specimen,show that 
frequent, intensely developed shear bands can be 
observed at sufficient tension only in one of these 
directions, while in the other one can see only 
relatively rare single traces of slipping. 

Observation of the growth of cracks and the 
microcinematography of this process were 
hindered by the condition that the growth of 
cracks, as arule, does not start from the scratch. 
Therefore, even in the cases when the scratch was 
made with a needle instead of the sclerometer, it 
was not possible to predict where the origins of 
the cracks will appear, and which of these will 
prove to be the most dangerous and will lead to 
the breakdown of the specimen. Only in the last 
experiments we found a method of initiating origins 
of cracks artificially by pressing lightly with a 
sharp razor blade on the rib of the specimen. 
When this is done, a small crack is produced at 
the rib itself, which, at sufficient load, begins to 
grow, extending into the interior of the specimen 
and finally leading to its breakdown. However, 
this method was only slightly used in our experi- 
ments, since by the time we discovered it, all the 
main experiments on the study of the development 
of cracks, designated for this investigation, had 
already been carried out. 

The breakdown of the specimens occurred mainly 
at tensions of ~ 200 gm/mm” (varying within the 
limits 175 to 285 gm/mm”2). The growth of the 
crack, leading to the breakdown of the specimen, 
always begins at the rib, apparently from some 
microdefect which was not removed by the washing 
of the specimen. The cracks begin to grow 
noticeably at tensions of 140 to 185 gm/mm*. In 
some of the experiments, the specimens studied 
were maintained for 24 hours and longer under a 
constant load. Moreover, no further growth was 
observed in the cracks which were sufficiently 
well developed. , 

As was stated, under our experimental condi- 
tions the breakdown almost never occurred along 
the scratches made on the surface of the speci- 
men. Of the 24 specimens studied at a gradually 
increasing load, only three broke down along the 
scratches, and two of these did not break down 
along the scratches from which the most intensely 
developed shears issued. Only one of the 


specimens broke down along the scratch with 
intense shears, similar to the case described by 
Stepanov‘; moreover, this breakdown occurred at 
the instant when the apparatus received a strong 
knock. All our experiments showed that the 
crack, having originated at the rib of the speci- 
men, does not spread uniformly in all the direc- 
tions, but at first always proceeds as a narrow 
band along that face of the specimen which is lo- 
cated in the zone of.intense shears. The growth 
of the crack, moreover, proceeds intermittently 
and is visible to the eye when the specimen is 
observed under the microscope. Wherever there is 
a halt in the growth of the crack a pair of crossed 
shears is produced along both planes of sliding 

at the end of the crack.These shears form a row of 
small squares by crossing each other. The common 
diagonal of the squares is the crack (Fig. 2a); in 
some cases the squares are almost of the same 
dimensions, in others they gradually decrease. 

A similar picture is observed also in the cases 
when the crack results from causes other than of 
stretching the specimen. In Fig. 25, for example, 
one of the specimens is shown which has a crack 
produced along the cleavage plane during a 
longitudinal spalling of the specimen (by knock- 
ing along the scalpel ); the crack in this case did 
not reach the end of the specimen. 

Such an intermittent development of the crack 
may be observed when we analyze the surface of 

rupture of the specimen, which has a 
definite relief showing the history of the process 
of propagation of the crack during breakdown. 
The subsequent positions of the edge of the crack 
are visible on the surface of rupture in the form 
of a number of concentric contours. These con- 
tours are crossed by a system of lines indicating 
the directions of the propagation of cracks in 
all the sections of the surface. 

The picture observed on the surface of rupture 
makesit possible to subdivide it into two parts. 
In Fig. 3, the first section of the surface of rup- 
ture is shown on a slightly enlarged scale (this 
occupies a relatively small portion of the surface 
of rupture ). The growth of the crack in this 
stage of the breakdown proceeded mainly along the 
edge of the specimen in a direction shown by the 
arrow A in Fig. 3. The development of the crack 


in a direction perpendicular to the arrow proceeded 
much slower. 

In Fig. 3b, a general picture of the surface of 
rupture is given, from which it is evident that, 
after overcoming a certain “‘barrier’’, the crack 
begins to propagate only in the direction perpen- 
dicular to the initial direction (shown by arrow B); 
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FIG. 3. Microphotograph of the surface of rupture of the NaCl crystal. The relief of the surface 
shows that the crack, having started from the angle of the specimen, had spread mainly along one 
side of the specimen (A), and only after having traversed the whole of the specimen, it began to 
grow in a perpendicular direction (B )., a- magnification x 30; b-magnification x 20. 
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in this second section of the surface of rupture we 
no longer observe transverse contours, indicating 
the existence of halts in the development of the 
crack. 

Frequently, during the loading, a row of cracks 
is produced simultaneously on the specimens. 
These cracks can be observed through a micro- 
scope, as well as by the naked eye in reflected 
light. In the latter case the cracks are clearly 
visible as light bands proceeding, as arule, either 
along one of the faces, or along the two opposite 
faces of the specimen (Fig. 4). The plane of the 


cracks is perpendicular to the ribs of the specimen. 


Generally, as soon as one of such cracks ap- 
proaches the opposite edge of the specimen, its 
total breakdown occurs in.a very brief interval of 
time. During this time the crack no longer de- 
velops in a direction perpendicular to its initial 
direction of propagation. 


Fic. 4. A view of the cracks in reflected 
light. It can be observed that the cracks 


develop in the form of bands only along the 
two opposite faces. 


It is of interest to note that in the microphoto- 
eraphs of the cracks during the initial stage of 
their development it is clearly evident that the 
width of the crack increases noticeably from its 
end towards the beginning (Fig. 5). Therefore, 
the crack does not have an elliptical cross sec- 
tion, as was assumed by some investigators 
(such an assumption was introduced, for example, 
by Griffiths for the simplification of the mathe- 
matical calculations ), but it has a wedge-like form 
(as was assumed by Frenkel’ el 


Fy, 1, Frenkel’, Zh. Tekhu. Fiz. 22, 1857 (1952). 


FIG. 5. Microphotograph of a crack developing from 
the angle of the specimen. The wedge-like appearance 


of the crack can be observed. Magnification x 30. 


Thus, from the observations described above, it 
follows that during the initial stage of growth, the 
crack spreads easily in a direction parallel to the 
planes of strongly developed shear, but it crosses 
them with difficulty. In some of the specimens one 
can see clearly that the further growth of the 
crack is hindered by the intense shear against 
which the end of the crack thrusts (Fig. 6). 

Also, in agreement with this is the fact noted above, 
that the cracks do not originate from the scratches 
accompanied by intensely developed shears, and 
originate rarely from the scratches with weak 
shears, irrespective of the fact that the scratch is 
undoubtedly accompanied by microdefects, which 
facilitate the origination of cracks. The growth 
of a crack may begin from the scratch only in the 
case when the microdefects necessary for the 
origin of the crack, with the exception of the micro- 
defects produced by the deposition of the scratch, 
are removed from the surface of the specimen by 
careful washing. Since the scratch itself cannot 
prevent the development of a crack, it is possible 
to assume that its growth is prevented by the in- 
tensely developed shears, always proceeding from 
the scratch. 

One may suppose that the growth of cracks is 
prevented, on the one hand, by a dislocation in the 
homogeneity of the crystalline lattice and, on the 
other hand, by the presence of compression stres- 
ses in the vicinity of the sliding surfaces. The 
regions of the shear bands having stretching 
stresses apparently should not prevent the de- 
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FIG. 6. Microphotograph of a crack stopped at the line of shear 
(crossed polaroids). 


velopment of cracks. 

From the above one can assume that the plastic 
deformation of the NaCl crystal leads to its 
localized strengthening, which prevents the de- 
velopment of cracks. If this assumption is true, 
then one may consider that the process of shear 
origination doesnot prepare the breakdown of the 
NaCl crystal and does not facilitate it, as it was 
supposed earlier, but, on the contrary, hinders it. 
Plastic deformation, apparently, only accompanies 
the breakdown of the crystal, having been produced 
by the same causes, that is, by the action of 
tensions and by the presence of microdefects. 

Of course, the processes of shear origination al- 
ways precede the breakdown of the crystal, but 
this is dependent only on the fact that these pro- 
ceed at lower tensions than the breakdown; other- 
wise, they could not take place at all. 

In the light of the above, one can explain the 
fact of the strengthening of the NaCl crystals, 
which have undergone plastic deformation when 
stretched in water, expressly as the result of the 
hindrance of the growth of cracks by the shears. 
This excludes the second of the two explanations 
of this fact proposed by Klassen-Nekhliudova!?, 


PIMA Klassen-Nekhliudova, J. Exper. Theoret. 
Phys. USSR 6, 584 (1936). 


which is based completely on the ideas of Step- 
anov. 

The investigation carried out shows that direct 
observation of the origination and growth of 
cracks in crystals can provide additional new 
material, substantiating or disproving the con- 
clusions drawn indirectly from the experiments on 
the determination of the strength of crystals. 


! 


Further work in this direction and, in particular, the | 


obtaining of quantitative data on the kinetics of 
the growth of cracks in crystals, are highly de- 
sirable. The conclusions of Stepanov regarding 


the effect of plastic deformation on the appearance | 


of origins of breakdown (but not on the growth of 
cracks) should also be substantiated by direct 
experiments. 

In conclusion, the authors express their 
gratitude to Professor Klassen-Nekhliudova for 
valuable suggestions and discussion of this 
work. 


Translated by E. Rabkin 
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A calculation of the conditions for the extrema of the magnetic permeabilities in the 
region of ferromagnetic resonance is carried out. On the basis of the results obtained, 
formulas are derived for the determination of the gyromagnetic ratio and the relaxation 
time from experimental data. In the ene method the calculation of the parameters 
of ferromagnetic resonance is carried out for fields of magnitudes corresponding to ex- 
trema of the magnetic permeabilities. Consequently, the necessity of calculating the 
maximum value of the magnetic permeability fy, (or p”),which is the source of a lenge 
error (greater than 25%) in the determination of the relaxation time, disappears. It is 
shown that the method of calculation of g and T for fields of the extrema is applicable 
in cases where it is impossible to calculate the maximum values of the permea- 
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bility p, (or p’). 


1, INTRODUCTION 


| BAG phenomenon of ferromagnetic resonance was 
discovered and first studied in 1911-1913 by 

Arkad’ev!’”. While investigating the behavior of 
iron and nickel in high fre quency electromagnetic 
fields (of wavelengths from 1.7 to 73 cm) he dis- 
covered, in the wavelength region from 2-6 cm, a 
band of dispersion of the magnetic permeability 
and maximum absorption of electromagnetic energy. 
He explained the results which he obtained as con- 
sequences of the resonance of elementary magnetic 
dipoles. 

In these works Arkad’ev first introduced the 
complex magnetic permeability of the material 


’ =p — ip! 


and showed that as the frequency of the external 

magnetic field is changed under given conditions, 

there must exist a band of dispersion of py and a 
maximum in p*. 


Dorfman? was the first to explain the phenomenon 


of ferromagnetic resonance on the basis of quantum 
mechanics, while Landau and Lifshitz’ carried 

out a theoretical calculation of the magnetic 
permeability of a single crystal for alternating 


Vek: Arkad’ev, Zh. Russ. Fiz. Obschestva 44, 165 
(1912). 


BV EK. Arkad’ev, Zh. Russ. Fiz.-Hhim. Obschestva, 
ch. fiz. 45, 302 (1913). 


3 J. Dorfman, Z. Physik 17, 98 (1923). 


4 L. D. Landau and E. M. Lifshitz, Physik. Z. 
Sowjetunion 8, 153 (1935). 


fields without hysteresis. Starting from con- 
temporary ideas of magnetic structure and proces- 
ses of ferromagnetic magnetization, they obtained 
formulas determining the dependence of the real 
and imaginary parts of the complex magnetic 
permeability of the material on the frequency of 
the external field. It was shown in this work that 
for definite frequencies of the external field there 
must exist a resonance absorption of electromag- 
netic energy and a dispersion of the magnetic 
permeability. Frenkel’ 5 ina quantum calculation 
of the resonance absorption in paramagnetics, also 
considered the question of the quantum treatment 
of ferromagnetic resonance. 

Further theoretical works®~® developed the 
basic ideas of Arkad’ev, Landau and Lifshitz. In 
these works studies were made of the effect of the 
finite dimensions of the sample (demagnetizing 
field), the magnetic crystallographic anisotropy of 
a ferromagnetic, and eddy currents on the phenome- 
non of ferromagnetic resonance. In the works of 
Kittel® and Bloembergen®, a calculation of the 
high-frequency magnetic permeability is carried out 
for the case of a homogeneously magnetized single 
crystal under the action of a weak alternating mag- 
netic field. In this calculation no account is taken 
of hysteresis nor of possible inhomogeneous con- 
ditions for the various parts of the ferromagnetic. 


5 Ia. I, Frenkel’, J. Exper. Theoret. Phys. USSR 15, 
8 (1945). 


© C. Kittel, Phys. Rev. 70, 281 (1946); 73, 155 (1948). 

7 J. H. Van Vleck, Phys. Rev. 78, 266 (1950); 
Physica 17, 234 (1951). 

8 N. Bloembergen, Phys. Rev. 78, 572 (1950). 
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However, the formulas obtained by these authors 
for the magnetic permeability seem at present to 
be quite correct and give satisfactory agreement 
with experimental results. According to reference 
8, the dependence of the real and imaginary parts 
of the complex magnetic permeability of the sub- 
stance on the constant magnetic field and on the 
frequency of the alternating magnetic field, with 
account being taken of the relaxation time, may be 
written (for a polycrystal ) in the form: 


- wo? (o2 — wo”) (1) 

SCs ee 
Co ee (2) 

Ee GS aeeiCon is) 
where 

of = 19 [H + (Ny —N,) I] (3) 
x [H+ (N,— Nz) 15] 4+- T, 
oy = 4n72/, [H + (Ny — N-z) Is]. (4) 


N_, N., N. are the demagnetizing factors along 
Cs y Zz 


the corresponding axes, /, is the saturation mag- 
netization of the sample, 7 is the transverse re- 
laxation time, @ is the angular frequency of the 
alternating magnetic field, H is the external con- 
stant magnetic field, y = eg/2mc is the gyromag- 
netic ratio for the electron, g is the Landé splitting 
factor. It is supposed here that the constant mag- 
netic field is directed along the Z axis and the 
high-frequency magnetic field along the X axis. 
The effective magnetic permeabilities as given by 
the coefficient of absorption , and the index of 
refraction H» are connected with the magnetic per- 


meabilities of the substance by the relations’: 
te = Vp? +p? +91, (5) 
n= Vp? + p®—o'. (6) 


Ferromagnetic resonance under conditions of a 
simultaneous constant magnetic field and a high- 
fre quency magnetic field perpendicular to it, both 


9 
V. K, Arkad’ev, Electromagnetic Processes in 
Metals, vol. Il, Energoizdat, Moscow, 1936. 
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acting on the ferromagnetic, has been studied in 
many experimental works'°-!®, In these experi- 
ments the frequency of the alternating magnetic 
field was fixed and the constant magnetic field was 
changed. The results of the experiments with 
polycrystalline samples and single crystals, with 
metals and polyconductor ( ferrite ) ferromagnetics, 
basically confirmed the theoretical calculations and 
made it possible to establish the fact that the 
splitting factor g determined from experiments on 
ferromagnetic resonance is, in the overwhelming 
majority of cases, greater than two. The value of 
the magnetomechanical factor determined from 
gyromagnetic experiments, g 4, is always less than 
2. Kittel!7, and subsequently Van Vleck’, gave an 
explanation of this discrepancy depending on the 
spin-orbit interaction. However, their formula 

g-2 =2-g¢’is not confirmed by the experimental 
results: it turns out that in the majority of cases 
g-2>2-¢% 

One of the most essential questions of the 
theory of ferromagnetic resonance is the question 
of the width of the absorption curve. The theoreti- 
cal calculations give aresult smaller than that ob- 
tained from the experimental data. In connection 
with this it should be noted that the above indi- 
cated discrepancies between the experimental and 
theoretical results should not be considered as due 
solely to the imperfections of the theory. It is 
also necessary to give attention both to the more 
exact development of the actual methods used in 
the measurements and to the development and sub- 
stantiation of methods of determining the para- 
meters of ferromagnetic resonance (g, 7’) fromthe 
experimental data. 

In the determination of the splitting factor g it 
is customary under the condition of maximum ab- 
sorption of electromagnetic energy to neglect 
the term containing the relaxation time®. This 


Dee Kk. Zavoiskii, J. Exper. Theoret. Phys. USSR 17, 
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(1949). 


13 VN. Lazukin, Izv. Akad. Nauk SSSR, Ser. Fiz. 16, 
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neglect could be considered legitimate if there 
were obtained from the experimental data at least 
an estimate of the relaxation time. However, the 
methods of determining the relaxation time are 
very often either insufficiently substantiated or 
involve large errors. The relaxation time is often 
determined by making use of the approximate re- 


lation 1, 4, = 2P ax’ {rom which it follows that: 


1] T S65 / opp mex, 


A calculation of Hy max iS essential for this 


method of determining the relaxation time. Such a 
calculation involves a large error, and under 
certain experimental conditions it is impossible 
to carry it out. Thus, for example, in the case 
where the measurement is carried out with the 
help of a cavity resonator, it is necessary to cal- 
culate its quality factor Q, which is determined 
only from the losses in the ferromagnetic walls®. 


A calculation of the quality factor can be carried 
out for resonators of simple form, but cannot be 
carried out for resonators of complicated form, 


since the structure of the high-frequency field in 
the cavity of the resonator is very inexactly known. 
Consequently, this method of determining the re- 
laxation time cannot be applied with resonators of 
complicated form. In those cases where the cal- 
culation may be carried out, it gives too large a 
value (), since, on account of irregularities and 
scratches commensurate with the depth of pene- 
tration of the field into the metal, the operating 
surface of the wall is greater than that obtained 

by calculation. RBloembergen® estimates that the 
error in the calculation of Q, does not exceed 10%, 
but he does not substantiate his estimate. 

A comparison of the experimental and theoretical 
calues of the quality factor!® shows that the in- 
dicated discrepancy is significantly larger than 
10%, increases with increasing frequency and de- 
pends very strongly on the treatment of the wall 
surfaces. This latter fact makes the estimation 
of the error in such a calculation difficult. Even 
with an error of 10% in Qo, the error in the cal- 
culation of p, ,,, Teaches 25%. However, it is 


significantly larger, since Q, is calculated with 
an error of more than 10%, especially in the wave- 


length region 4 <3 cm. 
In order to calculate p, | ,, one must know py, 


ay F. Horner et. al., J. Inst. Elec. Engrs. (London) 93, 21 
(1946). 


for some value of the external magnetic field. It 
is customary to take y, = 1 for magnetic fields 
in which suppression of ferromagnetic resonance 
occurs. Such a choice of H, imposes definite re- 
quirements on the manner of conduction of the 
experiment, since a suppression of the resonance 
must necessarily be obtained, that is, one must 
necessarily use a constant magnetic field sig- 
nificantly exceeding the resonance field. This 
requirement complicates the experiment and very 
often is not fulfilled even with the use of com- 
paratively strong fields (curves for nickel and 
supermalloy® for a frequency of 9030 me and for 
supermalloy 1++15+16 for a frequency of 24,000 mc). 
Bloembergen ®, in a calculation of the relaxation 
time for frequencies of the order of 24,000 me 
(nickel and supermalloy), uses the value of H,, for 
H=0. The choice of this value (p/ = 0.8-0.9 
was taken in reference 8) was determined by the 
condition of the best coincidence of the experi- 
mental and theoretical curves in the region of 
minimum absorption. This manner of computing 
the relaxation time, based on the selection of a 
value of ,, is not completely convincing. 

In connection with the fact that at the present 
time theoretical and experimental works are di- 
rected toward the detailed study of the phenomena 
of ferromagnetic resonance and the obtaining of 
qualitative results, there arises the necessity of 
developing such methods of measurement and of 
treatment of experimental data as will guarantee 
increased accuracy in the determination of the 
parameters of ferromagnetic resonance. Hence the 
aim of the present work is the analysis of the 
dependence of the magnetic permeabilities in the 
region of ferromagnetic resonance on the constant 
magnetic field and the determination of the condi- 
tions under which maxima and minima in the mag- 
netic permeabilities of the substance (p, p’) and 
in the effective magnetic permeabilities (p,, MH, ) 


will occur. On the basis of the obtained condi- 
tions on the extrema, methods are found for 
determining the splitting factor and the relaxation 
time from the experimental data (absorption curve 
and dispersion curve ). Theoretical curves giving 
the dependence of p, p4 u, and p, on the constant 


magnetic field H are given in the Figure. 


The region of maximum absorption (maximum 
por #1, ) and the region of dispersion (minimum 
and maximum p or maxima in 1, ) are investigated 
in the overwhelming majority of the experimental 
works. The structure of the expression and the 
course of the curves for » and p’and for p, and Hy 
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in the Figure are close to the formulas and the 
course of the curves for dispersion and absorption 
in optics. Consequently, we may surmise that the 
difference in the fields corresponding to the maxi- 
mum and minimum (7) and the difference in the 
fields corresponding to the maxima in p, (1) are 
determined by the relaxation time. 

In the investigation of ferromagnetic resonance 
the experimental data are obtained in the form of 
the dependences on the magnetic field of mag- 
nitudes proportional to the square root of p, or p” 
(for example, the attenuation of a cavity reso- 
nator with a ferromagnetic wall) and the square 
root of py, or 4 (the resonance frequency of such 
aresonator). The positions of the extrema of these 
quantities will coincide with the extrema of the 
corresponding magnetic permeability. Hence, in 
order to determine the parameters of ferromagnetic 
resonance (y, g, 7’) it is necessary to find the 
conditions for extrema in »(H), p’(H), w, (H) 


and p, (H). 

Before beginning the determination of the con- 
ditions for the extrema, we note the following 
special feature of the calculations which are to 
be carried out: all the conditions for the extrema 
are obtained as approximations, an evaulation of 
the accuracy of which is carried out, proceeding 
from the magnitudes of the quantities character- 
istic of samples made from metallic ferromag- 
netics in the form of plates for the wavelength 
region above 1 cm. For the evaluation, we take 


10mc, 471, = 6000 gauss, 
1 


the following values of the quantities: field cor- 
responding to maximum absorption H_ = 103 ger- 


steds; N, = N, = 0 (small in comparison with N,)3 


4al. = 104 gauss; @2 = 1020 pecies y 3x 104 


oersteds"* sec~*; T-2 = 102° sec”?; wo? = 1022 sec”, 


2. CONDITION FOR MAXIMUM p“(H) 


The condition for an extremum in p’(H) can be re- 
duced to a second degree equation relating to the 
quantity a= wo? ~ @*, Making use of an evalua- 


tion of the quantities entering into this equation, 
we obtain the following approximate magnitudes 
of the roots: 


2a? 


gy = —— 
T?w? ” 
1 


Xo = 2a?. 


(7) 


The first root gives the condition for maximum 


pe 


or, with an exactitude of the order of 2%, W y= O. 
This equation determines the field H op  COrres- 


2 
2 — 4%) 
wo = w OF a3 


ponding to the maximum value of p’(#). 

The second root determines a field of order 
871 ., and for it this estimate of magnitude is in- 
correct. 
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3. CONDITIONS FOR EXTREMA IN (HH) 


The condition for an extremum in (#) can be 
written in the form: 


a3 — Ba? + «+ 8=0, 


where 


2 — ow? = (20/T)a, B= wT /2a. 


Using the ordinary method of solving cubic 
equations !° we obtain approximate expressions 
for the roots, neglecting terms of order 1/8? <1, 


eee ge | ee a, 


I 
~* 


Then the conditions for the extrema of »(/) can 
be written in the form 


2’ 20 
On Ce rae me) ; (8) 
eH) 8 
ee TOIou 
where 
Ln = oF (Au), Se = 6 (F7ou), 
Oe +5 oF (7h); Oty -_ oF (oy); 


Ay and Hoy are the values of the constant mag- 


netic field which correspond to the minimum and 
maximum values of p(H). The root a, gives 
a condition analogous to (7). 


4. CONDITIONS FOR MAXIMUM },, (H) 


The determination of the conditions for maximum 
pt, (H) leads to the necessity of solving an al- 

_gebraic equation of higher than the fourth degree. 
‘| Consequently, in the solution of this equation it 
_is necessary to use approximate methods, taking 
| into account the character of the behavior of the 
| functions p(H) and p’(H). In the region of maxi- 
‘mum p’(H) the values of (/) are near unity and 
are small in comparison with the values of p’ (7) 


e1.. la. Okunev, Higher Algebra, Gostekhizdat, 
11949, 


in this region. Hence we may suppose that the 
conditions for maxima in , (H) and p’(#) are 
near each other. Starting from this, the condition 
for maximum 4, (H) can be written in the form: 


wo? = "(1+ «), assuming that a<1. The e qua- 


tion du, /dH = 0 leads to a linear equation in o, 


and, on evaluating the quantities entering into it, 
we obtain: 


a = 4/302T?, 


Consequently, the condition for maximum H, (H) 


will be: 


4 
300i, T? 


oR =o (+555) ee=ex(Hio) (10) 


This equation determines the constant magnetic 
field H,, for which maximum p, (H) occurs, that 


is, maximum absorption of the energy of the high- 
fre qiency field in the case where the penetration 
depth is less than the thickness of the sample. In 
accordance with the accepted evaluation of the 
quantities involved, we may write, with an accuracy 
of 1-2%, w), =. If weuse the values of the 


quantities which were assumed for this evaluation, 
then H op -—H, = loersted, that is, the difference 


in the fields corresponding to the maximum values 
of p, and p’ lie within the limits of the error in the 
measurement of the field. 


5. CONDITION FOR MAXIMA IN (H) 


An analysis of the equation du, /dH = 0 shows 
that it becomes considerably simpler and can be 
solved exactly if we assume 


dat as AE: wo? (a2 SS) 
—=VU; p= (020)? (4@2/T?) 


(11) 


We can substantiate the first simplifying condition 
to a certain extent by the fact that the basic course 
of the dependence of the magnetic permeability 

on the constant magnetic field is determined 
mainly by the field entering into 5. The second 
condition receives some confirmation from the 

fact that the calculation is carried out for a region 
of field near the region of maximum absolute 
values of p,which are determined by the first 
component in (1). The considerations introduced 
make it possible to suppose that the conditions 
for extrema in /, (H) found on the basis of the 
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simplifying assumptions will be near the condi- 
tions for the extrema which are obtained if we 
take account of the exact expression for p and the 
dependence of wo, on the field. Solving the equa- 
tion du, /dH = 0 while taking account of (11), we 
obtain the following conditions for the extrema: 


oe, —o = —2)/30/T, (12) 


oF, — ao = DESEO DS 


If we now take account of the dependence of oF 
on H] and the exact expression for p in the form 
(1), then the solution of the equation dp, /dH =0 
in the region of fields H > H), can be sought in 
the form: 


wo — 0? = (23 0/T)(1 +4), 


assuming « <1. The equation dp, /dH =0 can be 
reduced to a linear equation in « (neglecting 
terms of order «7? and higher in comparison with 
unity ), and we then obtain 


_ 8V3 o (13) 
3 Tw : 
For the assumed estimate of inagnitudes, a = 0.05. 


The problem of the extrema in the region of fields 
H<H,, 38 solved analogously. As a result of 


these calculations, we obtain the conditions for 
the first end second maxima of p,, (#7) in the form: 


2V30 ( OI a 
2 — @? —— 1 es 
i. T 3 Tae}? (4 
2 one i) 
eal SV Ve 
or Oar eee: (15) 
02n 
T 3 Lar 
where 
Oba = on (F7yn), oA = oe (Aon), 
Oth = ar (Ain), Ofon i oy (Fon), 


H,, and H, are the magnitudes of the constant 
magnetic field corresponding to the first and 

second maxima of p, (7). From the evaluation 
of a there follows the possibility of using Fqs. 
(12) and (13) as approximate conditions for the 
extrema in [, (H). The error in using these ap- 


proximate conditions may be estimated from Kqs. 


(14) and (15). 


6. METHOD OF DETERMINING THE GYROMAGNETIC 
RATIO AND THE RELAXATION TIME FROM 
EXPERIMENTAL DATA 


In the investigation of ferromagnetic resonance 
in metallic ferromagnetics, one most fre quently 
meets with cases in which the penetration depth 
is less than the thickness of the sample, and 
the absorption is determined by p, and the phase 
relationships by p,. Hence, let us consider a 
means of determining the parameters of ferro- 
magnetic resonance in this case, assuming that 


Ho, 41, and H, are known from experimental 


results. Using Eqs. (14) and (15), we obtain 


5 See te 4V3@ ' 4V30 aly One 
Oven» “ole he ra ap ORR. 4 


12n~l1n 


Taking into account the evaluation of the mag- 

nitudes entering into the second member in the 

parantheses, and assuming He Nicol te Oe 
a n 


2a Oy, = 107, Com 
sequently, allowing an error of less than 0.3%, 
we can discard the second member in the 
parentheses. Then the expression for the de- 


termination of the relaxation time will be [us ing 


Eq. (3) ]: 


oersteds, we obtain w 


4 
Tr (16) 


ss gel mw eb, 9) [Ai Ag, + (ee Ny aN 


- 4V30 


In the determination of the relaxation time it is 
not always possible to use the formula obtained. 
Thus in the wavelength region } >5 cm the first 
maximum #1, lies at comparatively weak fields, in 
which the sample is not magnetized to saturation. 
Hence the position of the first maximum L does 
not correspond to the conditions considered in 
Sec. 5, and the magnitude of the field corresp ond- 
ing to this maximum cannot be used for a calcula- 
tion of the relaxation time. 

The experimental results in the indicated region 
allow the use of the field determining the maximum 


fH and the second maximum u.,. Using Eqs. (10) 
and(15) and assuming Ho Hop 10? oersteds, 
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we obtain the following expression for the de- 
termination of the relaxation time: 
2° 2 
sgn SPdaa7T Mon 
T 2V30 


22V 3: @ 
— (17) 


g 2 
Ton 


The second member in the parentheses ~ 0.03; 
consequently, discarding it, we obtain an expres- 
sion for the relaxation frequency (1/T ) increased 
by approximately 3%: 


4 
r (18) 


i Coy are on Ce ANE oe Ae +(N, -- Ny —2N,)1,] 
a 2V3 0 ‘ 


In the study of ferromagnetic resonance in the 


region of comparatively short waves, a fairly strong 


field is necessary in order to obtain the second 
maximum of p,- If the second maximum of p, is 


not obtained experimentally, then we may use the 
fields corresponding to the first maximum of 1, and 
to the maximum p,. As aresult of an analogous 
calculation we obtain: 


teh ohn (RYT _o 
‘i 2V3 @ 


\ 
ee tt mee 10) 
or, approximately (the magnitude of 1/T will be 
decreased by 3%), 


1 
z (20) 


é (Hon — Fin) [yp ii Ap — (Ny as Ny — 2N,) TJ 


* 2V3 0 
The formulas obtained for the calculation of the 
relaxation time are not of equally good accuracy. 
As follows from the very derivation of the 
formulas, the determination of the relaxation time 
by the two maxima in /L is considerably more 
exact. Consequently, if the conditions of the dt 
experiment allow the use of the two maxima, it 1s 
necessary to use Eq. (16). The results of the 
calculation of the relaxation time using Eqs. (18) 
and (20) can be made more exact if we introduce 
corrections in accordance with Eqs. (17) and (19) 
and calculate the first approximation for 1/7. In 
the terms determining the correction, the value of 
1/T should be taken from estimates according to 
Eqs. (18) and (20). 

Any of the formulas (16), (18) and (20) can be 
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written in the form 


Wie ie ren (21) 
whe p is determined, depending on the extrema 
with respect to which the calculation of the re- 
laxation time has been carried out, by comparison 
of F'q. (21) with Fas. (16), (18) and (20). 

The condition for maximum j, may be written 
in the form : 


Coen heme a (22) 


== Hon (Ne— NS) 1.) (23) 


[Hor ai (Ny — Nz) Is}. 


From Eqs. (21) and (22) we obtain a formula for 
the determination of the gyromagnetic ratio: 


IS a 
P= t+ SV Stor (24) 


Formula (24) makes possible the determination of 
the gyromagnetic ratio from the values of the 
field corresponding to maxima of p, and yw, taking 


account of the 1/T? term in expression (3) for o?. 
Naturally, the use of formula (24) for the calcula- 
tion of the gyromagnetic ratio makes sense only 
in case the relaxation frequency 1/T is commen- 
surate with the frequency of the electromagnetic 
field, w If 1/To «1, then it is simpler to use 
the formula y = @/Vq . 

If there exist conditions in the experiment such 
that the depth of penetration of the field into the 
ferromagnetic is considerably greater than the 
thickness of the sample, then the absorption is 
determined by p’ and the phase relations by p. In 
this case, using the conditions for extrema in p’” 
and pt, and carrying out an analogous calculation, 
we obtain the following relationship: 


2 2 Sian ie dee 

TP Por pee Sore {ieee Op 

Ties 40 Tae? 2 : 
Oop Pip 


If we assume that Hoy, ~H, =3.x 10? oersteas, 


pl 
then the second member in the parentheses is of the 
order of 107°; consequently, allowing an error of 
the order of 0.1%, we may write: 
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On using the maxima of p and p’, 


4 Oey wen oe? (1 ca) 
= SS == 3 
If. 20 Taree 


or, approximately (with an error of ~ 1% Vs 


aif (26) 
Tr 
1? (ig, — Hoo) Vlog oe tay (No Ny — 2N,) 1.) 
- 20 ; 


For the case of the minimum of p and the maximum 
of p4 


or, with an error of ~ 1%, 


an (27) 
TP 
¥? (Ayor — Ayy) [Hay + Moor + (Ng + Ny — 2N,) 1] 
=P Pt Sees eT Ha, a 


Theremarks concerning the accuracy of Eqs. 
(16), (18) and (20) and concerning the introduction 
of the corrections for the calculation of the first 
approximation for the determination of the relaxa- 
tion frequency also are completely applicable to 
formulas (25), (26) and (27). 


CONCLUSIONS 


The proposed method of treating the experi- 
mental data for the determination of the parameters 
of ferromagnetic resonance uses, besides the 
usual initial data (a, INE Ny» Ne pak the values 


of the constant magnetic field which correspond 
to the extrema in p, and p, (or p’and x). The 


essential advantages of this method, in compari- 
son with the method based on the calculation of 
the maximum value of y, (or p’) are: 

l. The necessity of calculating the reso- 
nator’s quality factor Q,, which depends on the 
losses in the ferromagnetic walls of the resonator, 


A® IA PiYvseeCoIK OV 


disappears. This considerably broadens the pos- 
sibilities in the study of ferromagnetic resonance, 
since resonators of complicated form, for which 
such a calculation is impossible, can be used. 

We can dispense with the rather complicated tech- 
nology of soldering the sample to the wall of the 
resonator (see, for example, reference 8) and in- 
stead can place the sample in a suitable place in 
the cavity of the resonator. 

In the case of resonators of simple form, the 
error in the calculation of Q, has as basic source 
the error in the determination of the relaxation 
time, which exceeds 25%. The basic eror in the 
determination of the relaxation time by the fields 
of the extrema is connécted with the error in the 
determination of the difference of the fields 
corresponding to the extrema, which error de- 
pends to a considerable extent on the sharpness 
of the extrema. The difference of these fields 
ordinarily consists of a few hundred oersteds and 
can be determined with an accuracy of not less 
that 5%. This guarantees a more exact result for 
the relaxation time. 

2. In the use of the proposed method of treating 
the experimental data in order to determine g and 
T, the suppression of the resonance is not re- 
quired. Consequently, in carrying out the experi- 
ment we can use a considerably smaller region 
of constant magnetic fields. It is sufficient that 
the experimental data be obtained in a region which 
includes the extrema of (or 1), and it is even 
sufficient to obtain one of these exirema and the 
maximum of p, (or p’). 

3. In case the suppression of the resonance is 
obtained, the use of the values of g and T ob- 
tained by the proposed method makes possible the 
determination of the absolute value of the mag- 
netic permeabilities 4, p,, 4, p” and the 
estimation of the quality factor Q, from experi- 
mental data. 

It should be noted that it is necessary, in using 
the method of the fields of the extrema, to obtain 
the absorption and dispersion curves experi- 
mentally. This complicates the experiment some- 
what, but with present day technique the me asure- 
ments do not present great difficulties. 

The author wishes to express his gratitude to 
Professor S. D. Gvozdover, under whuse direction 
the present work was carried out. 
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On the Lowering of the Luminescence Yield of Phosphors in Intense Excitation 


V. V. ANTONOV-ROMANOVSKI AND L, A. VINOKUROV 
P. N. Lebedev Physical Institute, Academy of Sciences, USSR 
(Submitted to JETP editor July 15, 1954; after revision June 11 , 1955) 
J. Exper. Theoret. Phys. USSR 29, 830-833 (1955) 


It is shown that the lowering of the luminescent output of ZnS-Cu and ZnS-Cu, Co phos- 
phors with intense excitation is conditioned to a considerable degree by the illuminating 
action of the exciting light and by the fact that the recombination of optical electrons or 

holes’ results in radiationless transitions. The same causes result in the fact that the 
total illumination, as determined from the curve of increasing illumination, turns out to be 
Considerably smaller than the total illumination as determined from the curve of the ex- 


tinction process. 


1. INTRODUCTION 


I; is known that minute quantities of impurities 
frequently act as extinguishers of luminescence 
of crystal phosphors. The ZnS-Cu phosphor with 
traces of the iron group elements is a classic 
example. In spite of er great number of published 
works in this field:-!! no definite results have yet 
been obtained in the understanding of the mecha- 
nism of extinction by impurities in typical phos- 
phors - i.e., in luminescent substances which 
exhibit the phenomenon of recombination. This is 
apparently due to the fact that the authors of the 
referenced works have not taken into consideration 
certain, only recently investigated phenomena in the 
field of luminescence [ for example: the lumines- 
cent action of the exciting light and the possible 
difference in the effectiveness of irradiation for 
recombination of thermal and optical, ( i.e., 
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liberated by light) electrons]! 27! °, 

In this work, using phosphors ZnS-Cu and ZnS-Cu, Co, 
we show that with high degree of excitation, these 
phenomena can substantially influence the magni- 
tude of the luminescent output and determine the 
relation between the output and the intensity of the 
exciting light. By taking these phenomena into 
account it is possible to explain why, with excita- 
tion of high intensity, the total light output as 
determined from the curve of increasing lumines- 
cence turns out to be considerably smaller than the 
total light output determined from the curve of 
extinction. 


2. INVESTIGATION OF THE DEPENDENCE OF 
LIGHT OUT PUT ON THE INTENSITY OF 
THE EXCITING LIGHT 


In the investigation of the equilibrium lumines- 
cent output g of ZnS-Cu phosphor for different 
intensities E of the exciting light we have 
established together with Alentsev! 7 that q is 
constant only for moderate values of E (‘‘plateau’ 
region); for this case g‘~ 1. Outside the 
‘*plateau’’ the value of q falls both in the direc- 
tion of increasing and decreasing E. The fall of g 
at high values of E was explained by the increase 
of that portion of the excitation energy which is 
absorbed by the localized electrons and the ion- 
ized luminescent centers (the luminescent action 
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of the exciting light), the concentration of which 
increases with the increase of E. This in turn 
leads to an increase in the number of electrons and 
‘*holes’’ the recombination of which does not 
produce any radiation®. The reduction of q for 
low values of E was explained by the accompany- 
ing increase of the role of external quenching 
which is a linear reaction (proportional to the 
concentration of the ionized centers n ) while the 
luminescent processes are reactions of the 

second order (proportional to n2), 

We have conducted similar investigations of the 
dependence of g on £ for ZnS-Cu,Co phosphors. 
We have measured not the quantity q itself but the 
intensity of equilibrium luminescence which is a 
quantity proportional to q. 

= aq. (1) 
Since the introduction of Co does not result in any 
change of the absorption in the region of excita- 
tion,a = constant. 

The results turned out to be similar to those 
obtained with pure phosphors of ZnS-Cu, i.e., 
there is a plateau with a drop in q to the right 
and to the left of it. It can therefore be considered 
that the cause of the drop in q outside the 
plateau for the ZnS-Cu,Co phosphor is the same 
as for the ZnS-Cu phosphor. Besides the 
similarity, there is also a difference in that, even 
in the plateau region, g <1. The reason for 
this general reduction in the values of the 
ordinates in the g vs. E curve will be discussed 
by us in a later paper. 

In the previously mentioned work, the depend- 
ence of g on E for the ZnS-Cu phosphor was 
investigated at various temperatures in order to 
prove the correctness of the assumptions made 
concerning the general lowering of the value of gq. 
As expected, it turned out that the heating results 
in the displacement of the plateau into the region 
of higher values of E. It can be shown that the 
same data also give certain quantitative support 
to these assumptions. 

Indeed, the lowering of g with increase of E 
begins at the moment (E=E”), when the probability 
of the optical liberation of the electron (or ‘‘ hole’’) 
w ,= & E (a = constant) becomes comparable with 
that of thermal liberation W p= W exp {— €/kT } 
(wo= const., € = binding energy of the electron, 

k = Boltzman’s constant) i.e., when 


ak’ — Wye—elkT 


It follows from (2) that 
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FE’ 


je ~-(e-74 
a a T; SF 


(3) 


where indexes 1] and 2 refer to two different 
temperatures. If we make use of the data for 


{Pies 20°C and T = 100% taken from the work of 


Alentsev et al! 7, we obtain 


(4) 


e~ 0.3 ev, 


This result agrees with values €(€ = 0.3 — 0.5 ev), 
for the phosphor ZnS-Cu obtained by other 
methods? 8. 

The results obtained in this manner can serve as 
a new confirmation of the theory that the lowering 
of q outside the ‘‘ plateau’’ region is connected 
with the luminescent action of the exciting light. 
However, with the action of the exciting light, 
there is associated not only the lowering of g in 
the plateau region but also, as will be shown later, 
a decrease in total illumination, as determined 
from the curve of increasing luminescence, _ 
compared with that determined from the extinction 
curve. 


3. DEPENDENCE OF THE RATIO OF TOTAL LIGHT 
OUT PUTS DETERMINED FROM THE CURVES OF 
RISE AND EXTINCTION OF LUMINESCENCE 
ON THE INTENSITY OF THE 
EXCITING LIGHT 


The total light output determined from the curve 
of rising luminescence is given as 
3; 
Lo =\ lo —le)d9, Si 
0 
where & = time elapsed from the beginning of 
excitation and/, _ intensity of light at the time. 
The total light output, Scalia from the curve 
of extinction of luminescence, is equal to 


ae = I; at > (6) 
where ¢ = time elapsed from the cessation of 
excitation. It is generally assumed that 

fi pig (7) 


However, such equality requires that the following 
conditions be fulfilled: 


a V. V. Antonov-Romanovskii, Dokl. Akad. Nauk 
SSSR 20, 361 (1938); Izv. Akad. Nauk SSSR Ser. Fiz. 
10, 477 (1 946). 


LUMINESCENCE YIELY OF PHOSPHOUKS 713 


1) that the light output associated with recombi- L 
nation of electrons and “ boles’’ p/Le<1. (10) 


This result can be explained as follows: Inas- 


ile aes ©) auch as L is relatively high at high values of E, and 
during the tine of increasing luminescence, as the action of the exciting light plays an important 
well 2s cwing the time of extinction of lumines- role in the kinetics of phosphorescence (a portion 
cence even if quenching exists. A the excitation energy is captured by the 
2) that the ionization per unit time remains localized electrons or ‘ ‘holes’’), the results are 
Constant dwing the excitation tine. that: 
Toletoi'? bas shows that with extereal quench- 1. During the excitation of the phosphor, as L 
ing which follows the first order kinct; is increasing, ite optical characteristics may 
nd ict Kitartne San change, which may result in the violation of condi- 
| oT Pe (9) tion (2). 
Aas ; 2. Optical electrons and ‘‘holes’’ which appear 
The inequality of Land L, in this case is during excitation enter into recombination which, 


associated with the nonfulfillment of condition (2). in the case = pean LnSCu and ae Rr 

measwing L_ and L. for phosphors ZnS 2 coes not result in radiating transitions. is 
a’, oe ad Leas 4 ts nag results in the violation of condition (8), since 
; — “ el deh paeatidn: wheal the offen there ate no such losses during the extinction in 
of the extinction is pr ¥ lity (9) is View of the absence of electrons and ‘‘holes’’. 
Contrmed (Table 1). Under strong excitation REST 
(Table Il) the opposite is true. ahi 

The results obtained indicate that: 


TABLE L Values of L/L, & weak 1. The causes of the decrease in the light out- 
pation and T = 80°C tex phooghors put outside the “ plateau’ region for the ZnS-Cu,Co 

ZaS-Cu and 7aS-Cu,Co (thin layer). phosphor are the same as for the ZnS-Cu phosphor. 
At low intensities of the exeHing light, this 
decrease is caused by the rising role of the 

a-ak Gurr, / cs CX, external quenching, at high intensities —by the 

ty texa-| OO | “(1% luminescent action of the exciting light and by the 

ing legis) | fact that only reconbination of thermal electrons 


produces radiation. 


i 44 ~ | 1.43 2. As a result of the phenomena described the 
; 24 14 2.20 ratio of light outputs L/L, <1 for high intensity 
z 1.0 2.417 3.0 ee p’ “3 
' i of excitation. 
; 3. In all works on investigation of the nature of 
4 the extinction process of ZaS-Cu phosphor by the 
Tsetse IL Values A L/L, # measive exci- elements of the iron group*, in which the phenomena 
3 ition aad T = 20°C tox ghosphars ZnS-Cu and associated with the luminescent action of the 
Zea Co (thin layer). exciting light have not been considered, the inter- 
pf etation of the results may be more of less 
zE | & oe re pro wed geo fe) incorrect. 
) ” Preliminary cxperizents have shown that the action 
oo | — | — | om of Ni and Fe are very similar to the action of Co, but 
mp | 04 | OO | me there is also a considerable difference. For example, 
S54 — =} = 0.73 while infrazed radiation of wavelengths A = 0.8 and 
10 0% | 6@ ou A=1 34 quenches the luminescence of ZaS-Cu,Co, in 


the case of ZaS-Cu, Ni only radiation A = 1.2p produces 
quenching, and radiation A= 0. 2y produces a noticeable 
imtenusification. 

Trassiated by J. L. Hersen 
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Some Problems in Recombination Luminescence Associated With Various Forms of 
Excitation in KCI-Tl Phosphors 


I. P. SHCHUKIN 
P. N. Lebedev Physical Institute, Academy of Sciences, USSR 
(Submitted to JETP editor July 15, 1954) 
J. Exper. Theoret. Phys. USSR 29, 834-846 (December, 1955) 


The efficiency of activator-produced radiative electron recombination has been measured 
in KCI-Tl phosphors using excitation by ultraviolet light, x-rays and y-rays. An estimate is 
made of the quenching probability at the luminescence center —the T1* ion. The existence 


of a transfer of excitation energy from the host material to the activator is confirmed. The 
predominating process is found to be the transfer of phosphorescence excitation energy 


associated with Tl* 


ionization. A decrease in the activator absorption is found upon 


stimulation of the phosphor; this is connected withthe Tl ionization. 


INTRODUCTION 
L UMINESCENCE in KCI-T1 phosphors has been 


extensively investigated. Biinger and 
Flechsig’ have shown that luminescence in the 
phosphor KCI-T1 includes two processes: a short- 
time fluorescence having a duration of the order 


of 5 x 10°° sec and a prolonged phosphorescence. 


The fluorescence spectrum and the phosphores- 
cence spectrum are identical and consist of two 
wide bands with maxima at ~ 300 and 460 mp’. 
According to Biinger” the quantum yield in fluores- 
cence reaches 80% while that of phosphorescence 
is ~ 5% (for ultraviolet excitation). Hilsch and 
Pohl?** found that the absorption of pure KCl has a 
maximum at ~ 163 mp and a longwave edge 
extending to ~ 200mp.Koch® and other authors®’? 
‘have shown that the introduction of T] into the 
lattice leads to the appearance of new absorption 
bands with the strongest having maxima at ~ 195 
and 250 mu*. The absorption of radiation in the 
longwave band gives rise only to fluorescence, 
while in the shortwave band both fluorescence and 
phosphorescence are excited? . 


*At higher Tl concentrations KC]-T1 spectra become 
more complicated®, 
1 


W. Binger and W. Flechsig, Z. Physik 67, 42(1931). 


2 W. Biinger, Z. Physik 66, 31 (1930). 


3 R. Hilsch and R. W. Pohl, Z. Physik 59, 812 (1930). 


4. Hilsch, Z. Physik 44, 421 (1927). 
> R. Koch, Z. Physik 57, 638 (19%). 
© H. Lorenz, Z. Physik 46, 558 (1 928). 
7M. Forro, Z. Physik 56, 534 (192). 


e K. V. Shalimova, Dokl. Akad. Nauk SSS 70, 225 
(1950). 


oW, Von-Meyeren, Z. Physik 61, 321 (1930). 


Theoretical and experimental work by Johnson 
and Williams! °’!?! indicates that the absorption 
bands with maxima at 195 and 250 mp and the 
emission bands with maxima at 300 and 460 mp 
are caused by electronic transitions in the Tl 
ion which replaces the cation K* and whose levels 
are affected by the interaction with the lattice; the 
processes connected with fluwescence occur 
entirely within the luminescence:center and their 
duration is determined by the lifetime of the elec- 
tron in the excited level. 

The fact that the fluorescence and phosphores- 
cence spectra coincide is a reasonable basis for 
assuming that the final radiative transitions in 
phosphorescence occur at the same centers and 
even between the same levels as those in fluores- 
cence, and that the only essential difference 
between these processes is one of kinetics. The 
kinetics of phosphorescence in KCI-T1 phosphors 
has been studied in detail by Antonov- 
Romanovskii’ 7. On the basis of an analysis 
(using ultraviolet light) of the decay curves 
obtained at various excitation levels he reached 
the conclusion that phosphorescence in KCI-Tl 
stems from a recombination mechanism. 

At the present time the kinetics of recombination 
luminescence is visualized as follows. With 
absorption of radiation at a luminescence center, 
an electron makes a transition to an excited level 


of the center; it can return to the ground state 


1 ~ SAO 
° F. E. Williams, J. Phys. Chem. 57, 780 (1953): 
J. Chem. Phys. 19, 457 (1951). 


iil 
P. D. Johnson and F. E. Willi ; 3 
SROs illiams, J. Chem. Phys. 


2 7 
V. V. Antonov-Romanovskii. Dissertation Tr. Inst. 
Fiz. Akad. Nauk SSSR, II 2-3, 157 (1942). ° 
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either emitting radiation (fluorescence) ‘or not 
emitting radiation (in which case the excitation 
energy is converted into heat); it can also, by 
virtue of the energy evolved in the displacement of 
the nuclei to a new equilibrium position and 
thermal lattice vibrations, be transferred from the 
excited level to the conduction band, thus effecting 
ionization of the luminescence center. Ionization 
may be accompanied by energy absorption in the 
host material. Electrons excited to the conduction 
band are captured by various lattice defects. After 
being freed from the trap levels and a number of 
subsequent captures these electrons recombine 
with the ionized luminescence centers. An electron 
recombining with an ionized luminescence center 
initially falls into an excited level whence it 

falls to the ground state with the emission of a 
luminescence quantum (or by a radiationless 
mechanism). 

This description of the kinetics of phosphores- 
cence explains both the coincidence of the 
fluorescence and phosphorescence spectra and the 
impossibility of exciting phosphorescence with 
radiation at ~ 250 mp subsequent to the absorption 
of a quantum of energy at this wavelength; the 
energy evolved in the transition of the nuclei to a 
new equilibrium position is found to be inade quate 
for the transfer of an electron from an excited 
level to the conduction band! 3, In the following, 
only recombination luminescence in KCI-T] will be 
discussed. 

The study of various trapping sites for free 
electrons is of great importance in the kinetics of 
phosphorescence. Trap sites in the phosphor 
KCI-T1 have been investigated by Johnson and 
Williams! using ultraviolet radiation, and by 
Parfianovich! 4 and Lushchik?® who used excita- 
tion by ultraviolet light and x-rays. The latter 
have shown that the trap sites in KC]-T] having the 
deepest electron levels are the anion vacancies. 
As is well known, the capture of electrons!> and 
polarons? © at these vacancies leads to the forma- 
tion of so-called F-centers which give rise to addi- 
tional absorption having a maximum at 560 mp in KCl. 


Bete D lokuson and Fi-i, Williams, J. Chem. Phys. 
21, 125 (1953). 


BAT CA. Parfianovich, J. Exper. Theoret. Phys. USSR 
24, 117 (1953). 


15 fF, Seitz, Rev. Mod. Phys. 18, 384 (1 946). 
16 d 
S. I. Pekar, Studies in the Electron Theory of 
Crystals, State Tech. Press, 1951. 


36 Ch. B. Lushchik, Abstract of Dissertation, 
Leningrad State University (1 954). 
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Parfianovich reports that phosphorescence due to 
the emptying of electrons from shallow and medium 
trap levels decays in the course of several hours 
at room temperature; thus, KC]-Tl phosphors which 
have been stored for a sufficient time following 
excitation should contain electrons only in the 
lowest levels -those of the halide vacancies 


(F- levels). 


2. FORMULATION OF THE PROBLEM 


This work was undertaken with two objectives in 
mind; 1) an investigation of one of the aspects of 
the complicated recombination luminescence pro- 
cess, namely, the determination of the efficiency 
of radiative electron recombination produced by the 
activator Tl”, i.e., the ratio of the number of 
quanta emitted in the luminescence of T1* to the 


total number of recombining electrons**, and 2) an 
elucidation of the question of excitation energy 
migration in KC]-Tl phosphors. 

It was found to be extremely important that 
identical studies be made when using the different 
excitation methods - ultraviolet radiation, x-rays 
and y-rays. The measurement of the efficiency 
of radiative recombination for excitation by ultra- 
violet radiation, in which virtually only the 
activator is ionized makes possible an estimate 
of the quenching probability in the luminescence 
center. The measurement of recombination 
efficiency for excitation by x-rays or y - rays, 
which ionize both the activator and the material, 
permits a clarification of the question of excitation 
energy migration in the phosphor. 

In order to measure the radiative electron re- 
combination efficiency it is necessary to determine 
the number of quanta emitted in the T1? Vominese 
cence and the number of recombining electrons by 
independent means. The number of quanta radiated 
in a given volume can be determined easily, since 
KCI-Tl phosphors can be prepared in the form of 
large transparent single-crystals. To determine 
the number of recombining electrons advantage was 
taken of the fact that a phosphor which has been 
stored for a sufficiently long time after excitation con- 
tains electrons only at the halide vacancies; the 
concentration of these F - centers can easily be 
determined from absorption measurements. Thus, 
the problem resolves itself into the measurement of 
the ratio of the number of emitted quanta to the 
number of destroyed F-centers in phosphors which 


x A Pade ee 
In general, recombination can occur at holes 


both in the host material and the activator. 
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have been stored under suitable conditions. 

F-electrons can be liberated from the trapping 
site by two means: heating of the phosphor or 
exposure to yellow light which is absorbed by the 
F-centers. The second technique was employed 
since the intense heating required for thermal des- 
truction of F-centers causes a considerable 
quenching of the luminescence (cf. reference 14). 
The liberated F-electrons undergo secondary 
capture at shallower trap levels from which they 
again can be freed by either thermal or optical 
processes. In the present work photostimulation of 
the light sum was carried out with infrared radia- 
tion in order to achieve a more rapid liberation 
of the electrons from shallow levels*. 

In the course of this work a new effect was dis- 
covered, namely, a decrease in the activator ab- 
sorption upon stimulation. A supplementary 
investigation was undertaken to examine this effect 
and to make use of it in a number of quantitative 


measurements. From a comparison of the activator 
absorption in colored and non-colored crystals 


(if the concentrations of the activator and the 

F -centers are known) one can determine the con- 
centration of ‘‘holes’’ in the activator and the 
host material; from this,conclusions can be drawn 
regarding the predominant process in the transfer 
of excitation energy from the host material to the 
activator under y - stimulation. 


3. METHOD OF MEASUREMENTS 


This work was carried out on single crystals of 
KCI-T1 grown from the melt by a technique due to 
Kyropoulos? *. Although 0.1 mole percent T] was 
introduced into the phosphor, polarographic 
analysis of the grown crystal revealed an activator 
concentration of ~ 5 x 107? mole percent. Thin 
layers, 1-4 mm in thickness, were cut off for the 
large, single-crystal measurements. 

The ultraviolet source was an aluminum arc and 
associated condensing system, and the excitation 
was carried out without filters. The exposure time 
varied from 5 min to 15 hours. The x-ray source 
was a Coppereanode tube operated with an 
accelerating voltage of 37kv and a current of 10 ma. 


Exposures varied from 5 to 20 hours.* A prepara- 


* Yellow light transfers the electron only to an excited 
level of the F-center!> from which it is, usually 


transferred to the conduction band via a thermal mecha- 
nism. Under the present conditions infrared radiation 
can also promote this transfer. 


os 
Certain measurements were performed using x-ray 
excitation from a tube operated at 180 ky. 


‘7S. Kyropoulos, Z. Physik 63, 849 (1930). 
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tion of Co®( energy of the quanta | .33 and 1.17 
mev) of 150 me served as the source of y -rays. 
Exposure time was varied from 2.5 to 72 days. 

All absorption measurements were performed with 
the SF-4 spectroscope. The apparatus for the 
stimulation of the light sum and the measurement 
of the number of quanta consisted of two 
incandescent lamps (one with a yellow filter, the 
other with infrared) and a visual photometer, 
calibrated in apostilbs. By inserting a criss-cross 
yellow filter in the photometer in front of the eye- 
piece we were able to carry out phosphorescence 
decay measurements during continuous exposure 
to the yellow F-light (in doing this the transmis- 
sion of the filter was taken into account in mea- 
suring the luminescence). 

Mollwo and Ross! ® have given a formula for 
determining the concentration of F - centers 


(per cm?) 
PSL ONES AH 
Nr = {ou (n2 " ae eaters > (1) 
where No is the index of refraction at the maximum 


of the F -band, ise 


is the absorption coefficient 
1 


incm at the maximum and AZ is the half-width 
of the F -band in electron-volts. This formula, 
which is valid only for a uniform distribution of 
F-centers, can be generalized to the case of an 
arbitrary distribution of the concentration over the 
thickness of the layer. In this case, the number of 
F -centers located in a parallelepiped having a 

1 cm” base and a height equal to the thickness of 
the layer can be written (per em?) 


d 


Nepal ol 0} ; 
: (n2 + 2)? (( ae as] ei 


= a jin? — a 
Lok: 10 (2+ 3p (~—lnD)na NA; 
where D is the transparency of the layer and the 
subscript ‘‘ max’’ refers to the maximum value of 
the quantity ¢ln D) within the limits of the F-band. 
Substituting the value n = 1.5 in the last 
formula we obtain: 


eee ett e ae eed 
New 1, 1-10" (= In Da @) 


a Te 2 
where JN ,, is given per cm”, 


Formula (2) was used in the calculations with 
ultraviolet and x-ray excitation (large gradient in 


18 ©. Mollwo and W. Ross, Gétt. Nach. 1, 107 (1938). 
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the concentration of F'- centers) and also in the 
case of excitation by y-rays (uniform concentra- 
tion). This was done since, experimentally, the 
number of quanta radiated by the same parallel- 
epiped is determined directly. In the case of 
y-excitation, if desired, the quantity N ,/em* can 
be obtained easily by dividing by d. 

To measure the number of radiated luminescence 
quanta it is necessary to determine the total 
luminescence energy radiated in the ultraviolet 
band and the visible band. In visual photometry 
this can be done through the use of the known 
relative energy distribution over the spectrum. In 
KCI-Tl phosphors the measurement of the number 
of quanta is made possible by virtue of the well- 
known fact that both bands maintain a constant 
relation between themselves during decay. 

For light rays enanating from a crystal with an 
into air, the solid angle is 


index of refraction Ny 


ae. \ 1 (A) dr 
Xs 


Raa == ATC | oe 
. hv; \ v (A) (A) dd 


0 


where the integrals in the numerator indicate the 


total energy in relative units radiated in each 
of the two Iuminescence bands and the integral in 


- the denominator is the luminescence energy with 

a visibility-curve correction for dark vision; 

AS, denotes the light sum in apostilb-seconds 
being radiated in the direction normal to the 
surface of the crystal; n, andn, are the refractive 
indices for KCI at the two band-maxima; hz and 


h— are the n:ean radiated quanta for both bands in 
v 


ergs and C is the proportionality factor for con- 
version fron; luminescence units into energy units 
at the maximum sensitivity of the eye 


- d). 
(C= 0.5 erg /asb-sec-cm? sterad). 
The energy distribution in the KCl phosphores- 


cence spectrun: was deterniined by photographic 
methods and the following formula was used: 


faa = 1,84: 10"AS,,. (4) 


The measurements of the efficiency of radiative 
-electron recombination were carried out in the 
following manner. Following excitation by ultra- 
violet radiation, x-rays or yrays_ , the phosphor 


rol 


modified by a factor of n® (for perpendicular 
incidence and a small solid angle) because of 
refraction at the interface. This causes a reduc- 
tion of the energy intensity by a factor n2 in the 
output flux of the crystal! a Therefore, the 
experinientally observed intensity must be 
multiplied by a factor n* , and also by a factor 47 
when account is taken of the isotropy of the radia- 
tion within the crystal. The conversion from the 
visual experinental neaswement of the light 
intensity in apostilbs to the energy intensity in 
erg/cm*-ster-sec is carried out with a calculation 
of the relative distribution of the luminescence 
energy in the spectrum / (A), the sensitivity curve 
of the eye and the well-known relationships 
between luminance and energy units. 

The formula for determining the nunber of quanta 
radiated in all directions by a parallelepiped with 
al cm” base and a height equal to the thickness 
of the layer is of the form: 


(3) 
hve \ V(NTA dA 
i) 


was stored in darkness for 15-18 hours in order to 
reduce the emission to a point where it would be 
invisible even with good darkness adaptation of the 
ak As has been pointed out above, such a phos- 
phor contains electrons only in the F - levels. 
Then the SF-4 spectrometer was used to measure 
the absorption of the crystal in the /'-band and the 
nuniber of F - centers V ./cm? was determined from 
i'q. (2). The crystal was then placed directly in 
front of the objective of the photometer with its 
erain perpendicular to the rays of the eye and the 
enission of the light sun: was stimulated by 
simultaneous exposure to yellow light and infrared 
radiation. The light sun: in apostilb-seconds was 
determined from a measurement of the area under 
the decay curve and then the number of quanta 
emitted in the luminescence due to the recombina- 
tion of the excited F-electrons n,,, /cm” was 
calculated by use of tvq. (4). Finally the radiative 
electron recombination efficiency p= Mou Np 


19 vi A. Alentsev, J. Exper. Pheoret: Phys: USSR 21, 
133 CEGoiys 
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was determined**. All measurements were 
performed at room temperature. 


4. RESULTS FOR EXCITATION BY ULTRAVIOLET 
RADIATION 


The results of measurements of the efficiency 
of radiative electron recombination for excitation 
by ultraviolet radiation are shown in Fig. 1. 
The dependence of the quantity pP'°' on the 
number of F- centers N ,/em? is shown. The 
value of p??°' varies between the limits 0.35 and 
0.47, but this scatter is explained by the experi- 
mental errors: errors in the absorption measure- 
ments for small numbers of /-centers and errors in 
the measurement of the stimulated light sum. With- 


in the limits of these errors (~ 20%) the quantity 


punt can be taken as constant and it may be as- 


sumed that paaer = 0.4. 


phot 


a6 


Q3 


a 25-107 Wiese 


Fic. 1. Efficiency of radiative electron recombination 
as a function of the number of F-centers (photoexcita- 
tion). 


In recombination with positive ‘‘ holes’’, elec- 
trons can undergo both radiative and non-radiative 
transitions. Physically speaking, the quantity p 
is the ratio of the number of. radiative transitions to the 
total number of transitions and therefore permits a 
determination of the fraction of non-radiative 
transitions (1 -p ) i.e., an estimate of the que nch- 
ing probability. In recombination with ‘‘holes’”’ 
in the host material, as arule, all electrons carry 
out non-radiative transitions*, but after recombina- 


* 

Kats? has performed similar absolute measurements 
by different methods on certain non-activated alkali- 
halide crystals, colored by ultraviolet irradiation at 
Troon temperature. 


* + . . 
This holds true if there is no energy transfer to the 
activator. 


20 7 
M. L. Kats, J. Exper. Th ig Lede 
Anan per eoret. Phys. USSR 18, 164 
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tion with ionized luminescence centers (within the 
center), only a certain fraction do so, depending on 
the properties of the center, the temperature, and 
the energy of the recombining electrons. 

Two processes lead to the appearance of 
“*holes’’ in the host material. First, the passive 
absorption of energy by the host lattice which 
leads to its ionization. Second, direct ionization 
of the activator alone in which it is possible for 
electrons to be transferred from a fillea band to 
free levels of the activator by thermal or optical 
mechanisms, thus producing “‘holes’’ in the host 
material. This second mechanism was first pro- 
posed by Antonov-Romanovskiil 2 and used, for 
example, by Vinokurov2? in explaining the exponential 
decay curve in the temperature quenching of ZnS-Cu 
phosphors and also by Antonov-itomanovskii, 
Alentsev and Vinokurov2” in the interpretation of 
the non-linear dependence of the luminescence 
intensity of ZnS-Cu phosphors on the intensity of 
the exciting radiation at low intensities. 

The quenching connected with non-radiative 
transitions in the recombination of electrons with 
‘“holes’’ in the host material (regardless of its 
origin) can be described as ‘‘external’”’ since it 


occurs outside of the luminescence center. 
Quenching within the center, on'the other hand, may 
be described as ‘‘internal’’. We shall show that in 


KCI-T] phosphors excited by ultraviolet radiation 
one is dealing essentially with “‘internal quench- 
ing’’. 

As has already been noted, the data of references © 
3-5 indicate that absorption in the host material 
has a maximum at ~ 163 mp, and a longwave edge 
extending to ~ 200 mp and is insignificant as 
compared with activator absorption in the region 
in which the two overlap (~ 195 my). In the 
region of the spectrum which corresponds to 
absorption by the host material, radiation from the 
aluminum arc is absorbed by a 10 cm thickness of 
air and consequently does not reach the phosphor; 
in the region in which the spectra overlap, the 
activator absorption considerably exceeds the weak 
absorption edge of the host lattice. This means 
that absorption in the host material is insignificant 
and that radiation from the arc ionizes the 
activator almost exclusively. 

It will be shown below, on the basis of absorp- 
tion measurements, that in a crystal which has 
been stored after exposure to the arc, the number 
of ‘*holes’’ in the host material is negligible 


an 


Se a a Se oR, a rN 


DAL , 
L. A. Vinokurov, Dokl. Akad. 
(1952), a: ad. Nauk, SSSR 85, 529 
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compared to the number in the activator. The fact 
that pPP° is approximately independent of N 
provides a basis for assuming that there is “a 
electron transfer (in the destruction of the 
F-centers) by thermal or optical mechanisms from 
the lower bands to free levels of the activator. 
Hence, it may be assumed that in photoexcita- 
tion of KCI-Tl phosphors, it is principally 
**internal quenching’? which occurs. We now 
estimate the probability for this quenching. 


: The quantity p can be written in the following 
orm: 


0 
n an, oa 


* 
a 
Po ttn Atl ny 


0 : 
where n. and ne are, respectively, the number of 


“holes’’ in the activator and the host material 
prior to the destruction of the F-centers, and « is 
the probability for radiative transitions in the 
luminescence center. In photoexcitation, as we 
have indicated above, ne «K no . Thus, using Rg, (5) 
we obtain p?}°'~ « and the quenching probability 
in the luminescence center is approximately 0.4. 
In certain phosphors, it has been shown a8 
that electrons ejected froni trap levels by thermal 
or optical mechanisms have different probabilities 
for radiative transitions within the luminescence 
center. We have performed special experiments 
to measure the quantity p in the case where elec- 
trons were ejected from shallow trap levels and 


excited F-center levels in KCI Il phosphors by 
purely thermal means; the results are the same as 
those obtained with infrared stimulation. 


5. RESULTS FOR EXCITATION BY X-RAYS 
AND Y-RAYS 


In Fig. 2 are shown the results of the measure- 
ments of p using y-excitation. The value of p” 
varies from 0.13 to 0.21, but within the limits of 
the errors (especially at small concentrations of 
the F-centers) it can be considered as constant and 
it may be assumed that pau, = 0.16. Comparison 
of the results obtained with photoexcitation and 


phot 7 pre 25s 


y - excitation yield the ratio Pave ave 


*Equation (5) is valid only in those cases in which 
there is no transfer of “ holes’? between the host 
material and the activator during the time in which 
electrons are liberated from the F-levels. 


eZ 1); Morgenshtern, Dok]. Akad. Nauk SSSR 54, 
721 (1946). 
24R, Ellickson, J. Opt. Soc. Amer. 36, 264 (1946). 
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, Fic. 2. Efficiency of radiative electron recombina- 
tion as a function of the number of F-centers (y-excita- 
tion). 


The results obtained with x-ray excitation are 
shown in Fig. 3. Within the limits of the errors of 


r - 
the measurements p’ can again be taken as 


constant**, and it may be assumed that pats = 0.1. 
. : phot _- phot r a 
Comparison with p yields por’ / Pave = 4 


ave e 


0 25-10" 4,Jem™ 


Fic . 3. Efficiency of radiative electron recombination 
as a function of the number of F-centers (excitation by 
x-rays of varying degrees of ‘ ‘hardness’’) . O~- AV 
=37 kv; e-AV=180 kv; A-AV=37 kv (thermal emptying 


of electrons from shallow trap levels). 


The low values of pe and Pave as compared 


Phot can be explained by the fact that in 


ave 
excitation by x-rays and y-rays it cannot be 


assumed that n° « Nie, recombinations with 
‘*holes’’ in the host material (non-radiative 


with p 


x 

Relative measurements of the dependence of the 
light sum on the concentration of F-centers in some 
x-rayed alkali-halide phosphors have been performed 
by Parfianovich”° and also reveal a proportionality 
between these quantities. 


25 1, A. Parfianovich, Izv. Akad. Nauk SSSR, Ser. Fiz. 
15, 669 (1951). 
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transitions) cannot be neglected . Cn the other 
hand, using the senda concentration of the 
activator (5 x 10°° mole percent) one might expect 
results differing considerably from those given 
above. Since secondary electrons play such an 
important role in the ionization of the material 
when excitation by x-rays or y-rays is used, the 
formula for electron ionization losses (Sethe 
formula’®) can be used to estimate the ratio of the 
number of “‘holes”’ in the host n.aterial to the 


number of ‘‘ holes’’ in the activator: 
( es 2neth'Z (6) 
Xion mv ; 


where e, m, and v are the charge, mass, and 
velocity of the ionizing electron, ‘V is the concen- 
tration of atoms; Z is the number of electrons in 
an atom of the material through which tie electron 
moves,and C is a quantity which depends on v 
and also somewhat on the mean ionization 
potential of the atonis in the medium. 

Thus we have: 


0 , a 
n i KeZKtt Nor AGias 108. 


n Aeoy Zrit 


Substituting this value in (5) and using the value 


found for « , we obtain pais GE pees Bs L0e 
while the experimental values are pee = 0.16 and 
ees 20.1. 
Thus 
Posie uc eel RP cage TOTO 


SENSITIZATION OF TI” LUMINESCENCE IN 
KCI-T] PilCSPHORS WITH EXCITATION 
BY X-RAYS OR y- RAYS 


The fact that the experimental value of p is 
considerably larger than the theoretical value in 
the case of excitation by x-rays or y-rays is an 
indication of the transfer of excitation energy fron 
the host material to the activator; this follows 
Since it is only the activator which radiates, and 
energy transferred to it causes an increase in tie 
value of p. 
energ 


In the following, only tic transfer of 
y which occurs in the excitation of phos; hor- 


escence will be considered, since fluorescence 


LOTR Fermi, Nuclear Physics. 
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was not studied. These transfer processes, 
regardless of the particular mechanisn., involve 
ike following. Knergy is absorbed in the host 
material na by some neans a free electron is 
created which is then captured at a trap level (for 
example, an /-level); radiation fron: the activator 
occurs in the subsequent recombination of such an 
electron. 

Two cases of the transfer of energy can be 
visualized. 

Case 1. As is apparent from ivq. G)ip- and p! 
become larger with a decrease in the ratio 

The If Ds i.e., with an increase in the fraction of 
ionized luninescence centers. Under Case | there 
are two different possible mechanisms for the 
transfer of energy to the activator which lead to 

a lower value of De hee 

a) The first cenanion is connected with the 
diffusion of ‘‘holes’’ (originating in the host 
naterial) to the activator upon ionization. In the 
energy band description this means that electrons 
can make transitions from the lower levels in the 
T1* ions to the filled band, recombining with 
**holes’’. In KCI-Tl phosphors, apparently this 
transfer of ‘ ‘holes’? can occur only during the 
excitation time. . 

This conclusion is reached on the basis of the 
high stability of the F-centers ( the concentration 
of f'-centers does not change even after several 
days). Stability of this kind is possible only under 
conditions in which there are no direct transitions 
of #-electrons into the filled bands and this 
situation obtains only when the ‘‘holes’’ in the 
host material are rigidly connected to lattice 
defects and are not free to diffuse. Diffusion of 

“holes”’ to the activator during excitation reduces 
the ratio Tee [te 

b) The second possibility for the transfer of 
energy fron, the host lattice to the activator is the 
transfer by exchange resonance mechanisms. Here 
again only those processes are considered which 
lead to a reduction in the value of n? /no 

Vavilov?” has developed a theory ior the migra- 
tion of excitation energy in exchange resonance 
interactions between molecules in solutions of 
fluorescence naterials. In crystals, Frankel has 
introduced the notion of a particular excited state 
— Thevexe iton: migration of the exciton in crystals 
can ve considered as the transfer of excitation 
energy by aresonance nechanisn: from one ator: 
to its neighbor and so on. 


Dexter?® has rece ntly 


228 4P Vavilov, Microstructure of Light (Studies and 
Notes), Acad. Sci. Press, Moscow, 1950. 


28 1). 1. Dexter, J. Chem. Phys. 21, 836 (1953). 
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considered theoretically the problem of the transfer 
of excitation energy in crystal phosphors and has 
shown, in particular, that when excitons are 
created there is a high probability for the transfer 
of their energy to the activator. 

In the excitation of phosphors by x-rays or 
y-rays, it is apparent that ionization should be 
accompanied to some degree by the creation of 
excitons. An exciton created in the host material 
during excitation migrates through the lattice and 
can transfer its energy to the activator ion. The 


: + one ; 
electron in T]” makes a transition to an excited 
level; then in a time of 10°! ?~ 10°18 see, dis- 


placement of the lattice nuclei to a new equilibrium 


position occurs (lattice relaxation). By virtue of the 
energy evolved in this displacement and to some 


degree the energy of the thermal lattice vibrations, 
the electron is transferred into the conduction 


band — thus effecting ionization of the lumines- 
cence. 

This process tends to increase the value of 
ne and hence to reduce n®/n?. Another process 
may also be a factor. Energy is liberated in the 
recombination of the electron with a ‘ ‘hole’’ in the 
host material both during excitation and during 
the decay of phosphorescence (again, the creation 
of an exciton is possible); this energy is trans- 
ferred to the Tl* ion by aresonance mechanism 
resulting in its ionization and repeated electron 
capture. This process also tends to increase a 


and thus to reduce n°/ne. 

Thus both mechanisms considered under Case | 
( ‘‘*hole’’ and resonance ) lead to a lower value 
of the ratio n/n’. In this case the value of p 
is to be determined from Kq. (5). 


Case 2. There is another means by which excitation 


energy can be transferred to the activator; this 
does not involve a reduction of Te but none 


the less results in an increase of p” and p’. In this 
case the following process takes place. linergy 
is liberated in the recombination of an electron 
with a ‘‘hole’’ in the host material; this energy 
is transferred to the activator ion by a resonance 
mechanism. Dy virtue of this energy, an electron 
in the Tl* ion makes a transition to an excited 
level, whence it returns to the ground state by a 
radiative or non-radiative process. his situation 
is different from that considered under Case 1] in 
that only excitation of T1* occurs and not ioniza- 


tion. 
An essential feature of this process 1s the fact 


; 0 ; 
that the ratio of ‘ ‘holes”’ n° /n, remains equal to 


the theoretical value (~ 1 0*) and iq. (5) is no . 
longer valid. In this case the values of p” and p 


should be determined by the following formula: 


an? + «’Bn® a+ o’Bn? / no 
Coane o Tathad ein patie wh) 


1) U Uv U 
ni +n, ft fete t 


where £3 is the probability for the transfer of energy 
from the host material to the activator and o “is the 
probability of radiation in the T1* ion which is 
excited by the transferred energy. Generally 
speaking, the quantity a which denotes the proba- 
bility for radiation in T1* after recombination of a 
free electron is not equal to a” It is apparent 
from this formula that an increase in p” or p’ 
0 /n9 

Ss a 
the denominator and which is a function of the 
probability of energy transfer. 

In order to determine which of the two energy- 
transfer processesis the predominant one, we used 
the experimental data to make an estimate of the 


depends on the term « “Bn which appears in 


ratio ne /n°. This estimate can be carried out by 
exploiting an effect whicl was found in the KCI-T] 
phosphor; namely, the decrease in the absorption 
of the activator T'l* which occurs in excitation of 


the phosphor. 


7. VARIATION OF THE ABSORPTION OF THE 


ACTIVATOR Tl* IN EXCITATION AND 
DETERMINATION OF THE CONCENTRATION 
OF ‘‘ HOLES” 


A decrease in the activator absorption was 
observed in the case of excitation by ultraviolet 
radiation and y-radiation, (no experiment was 
performed with x-ray excitation). 

It may be remarked that this is the first case in 
which a decrease in the absorption of the acti- 
vator T1* has been observed. Urbach and others? 
have observed a similar effect in the activator Eu*** 
in SrS-Lu, Sm and Anikina®? in the activators 
Ce*** and Eu*** in the phosphors SrS-iu, Sm and 
SrSCaS-Ce, Sm. In the work of Arsanjewa?! , on 
the other hand, an increase in the absorption of 
x-rayed alkali-halide-Tl phosphors was reported; 
in this same paper and in a paper by Schulman 
132 


eta a decrease in the absorption of the 


activator Pb* in the phosphor NaCl-P’b was 


29 Urbach, H. Hemmendinger and D. Pearlman, 
Preparation and Cnaracteristics of Solid Luminescent 
Materials, Symposium, London, 1948, p.279. 


30 7. I. Anikina, Abstract of Dissertation, Inst. Fiz. 
Akad. Nauk SSSR, 1953. 


31 A, Arsanjewa, Z. Physik 57, 163 (1929). 


32 J. H. Schulman, R. J. Ginther and C. C. Klick, J. 
Opt. Soc. Amer. 40, 854 (1950). 
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observed. Schulman has interpreted this diminution 
on the basis of the conversion of the activator 

ions to quasi-neutral atoms (or double valence 

ions to single valence ions) in the capture of elec- 
trons separated from the host material. In a paper 
which appeared recently, Andrianov and Kats = 
explain in the same way the decrease of the 
absorption of the activator in the phosphor KCI-Sn 
following x-ray excitation. 

The possibility of the formation of quasi-neutral 
silver atoms and single valence copper in excited 
alkali -halide phosphors such as NaCl-Ag and 
NaCl-Cu has been shown in references 34 and 35. 
By analogy, the decrease in the absorption of the 
activator Tl* in KCI-T] phosphors can be explained 
not only by the ionization of T1* but also by the 
capture of an electron near the pia causing its 
conversion to T19: this explanation becomes more 
convincing when one considers the fact that 
Lushchik?® has verified experimentally the exist- 
ence of trap levels associated with the activator 
in the phosphor KCI-Tl. In view of what has been 


said above concerning deep levels, however, it may 
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be assuned that the trapping levels associated 
with Tl are not as deep as the F’-levels and that 
after 15-18 hours of decay the phosphor contains 
electrons only in the F-levels. Making this 
assumption, we now calculate the number of 
“holess no and n° in 1 cm” of the surface o! 2 
phosphor wiich has been stored after excitation. 

The relative reduction of the Tl” absorption in 
a colored crystal which has been allowed to decay 
as compared with a non-colored crystal yields the 
fraction of ionized luminescence centers 6. In general , 
the number of F-electrons is equal to the sum of 
the number of ‘‘holes’’ in the host material and 
the number of “‘ holes’’ in the activator; the results 
of a polarographic analysis give the concentration 
of Tl* in the phosphor as Nerat =T 1g Tem. 
The average measurements in a layer with a thick- 
ness of 0.09cm are as follows: 


§ ~ 0,006 and Np 3.3-10"4 / cm’, 


from which we obtain 


Nr /em2= (Nee /em?) d = 7-1017-0.09 = 0,63- 101?/cem?, 
n® = 8N,,,~ 0,006 -0,63- 10? ~ 3.8-10"/en2 


and 


oS er 1) 
ny = Nz ni ~0. 


Thus in photoexcitation it may be assumed that 
no <n’. 

Sees P eee 0 
If one assumes that in photoexcitation ee e 
it is possible to get an approximate solution to the 
converse problem,i.e., having measured 


experimentally NS and 6, one can determine the 


=n 


activator concentration Noyt: 

The decrease in the activator absorption was 
also observed with y - excitation. 

The results of neasurements of the absorption in 
the T1* band (maximum at 245 my) for phosphors 
which were colored by y-rays, and for others 


which were not (all phosphors were stored in dark- 
ness), are presented in Fig. 4a. The concentra- 
tions of F -centers are shown in the Table and the 


230k Se Andrianov and M. L. Kats, Dokl. Akad. Nauk 
SSSR 96, 253 (1954). 


°4 J. H. Schulman, R. J. Ginther, C. C. Klick, R. S. 
Alger and R. A. Levy, J. App. Phys. 22, 1479 (1951). 
were : $ 
M. L. Kats, J. Exper. Theoret. Phys. USSR 23, 720 
(1952); Dokl. Akad. Nauk. SSSR 85, 757 (1952). 


(order of magnitude) indicates 


corresponding / -bands are shown in Fig. 4a and 

fue Ab. 
t should be pointed out that the proportionality 

between 6 and /V p Serves as evidence of the fact that the 


reduction in the activator absorption in stored 


phosphors depends only on the T1* ionization and 
the electrons in the F - levels, i.e., the deepest 
levels. 

The concentration of holes n° and no can be cal- 


culated by this same method. In all three cases 
this ratio is found to be: 


n/n? ~ 0,4. (8) 


On the other hand, the value of n°/n® as 
determined from the value of pe using kq. (5), 
which is valid only for the first energy-transfer 
case, we have: 


n? [nd = 1,5. (0) 


The approximate agreement of these values 
* ‘ 
that case ] is 


* 
A discrepancy of a factor of 3 can easily be explained 
by the experimental errors (particularly in the delicate 
absorption measurements). 
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the important one, since calculations made us ing 
case 2 result ina discrepancy between measured 


123 
aig Baal? values of n?/n® which is of 
order 10%, 


x 


v 


a 
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Fic . 4a. Reduction of absorption in the Tl” activator band for a phosphor colored by 
y- irradiation as compared with a non-colored phosphor for the following exposure times: 
I -- 15 days; 2 - 35 days; 3 - 72 days. 


4cm 
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Fic . 4b. F-bands for the same exposures given in Fig. 4a. 
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In conclusion the author wishes to express his 


TABLE Pe 
eratitude to V. V. Antonov-Romanovskii for 
3 guidance in this work, to Z. L. Morgenshtern for 
N+ = 7+ 10*7/em the determination of the concentration of Tl+ in the 


phosphor and for a careful reading of the entire 
nianuscript, to M. N. Alentsev and M. U. Galanin 


Exposure Ric 3 tor | Wests «4072? 
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The results of investigating the 
at temperatures of 270-300° 


hotochemical conversion of F-centers in KCl crystals 
, leading to the complete disappearance of absorption F-bands 


and their replacement by analogous symmetrical bell-shaped band ( X-bands) displaced by 
0.5 ev towards the long wavelength region, are described. 

At lower temperatures (250-150° €), exposure to light similarly results in the complete 
disappearance of F-bands and their replacement by wider and lower symmetrical absorption 
bands somewhat displaced toward the long wavelength region. 

The temperature dependence of absorption X-bands is characterized by increasing height, 
narrowing,and displacement of the bands towards shorter wavelengths, upon cooling. Pre- 
liminary measurements of the kinetics of the photochemical conversion process of F-centers 
are reported for different temperatures. A hypothesis connecting the observed thermophoto- 


chemical F-center conversions with the formation process of colloidal alkali metal is 
proposed. The possible mechanism of converting F-centers into F-centers is deduced. 


ee 


\. STATEMENT OF THE PROBLEM AND THE 
METHOD OF MEASUREMENT 


1 his rapid growth of the various applications of 
electron flow in dielectric crystals and semi- 
conductors has necessitated an experimental and 
theoretical investigation of localized electron con- 
centrations near different lattice imperfections. 
The knowledge of the properties and the structure 
of such states is imperative, in particular, for the 
understanding of early stages of thermal and photo- 
chemical processes involved in coloring trans- 
parent solids. 

For certain applications, it is also particularly 
important to understand the conversion of initial 
‘‘atomic”’ color centers into colloidal aggregates 
containing millions of neutral metal atoms. 

Recently it has been repeatedly admitted in the 
literature that silver halide is not useful in the 
detailed study of the photochemical process, 
despite its practical importance in such processes. 
Even at room temperatures, the significantly high 
mobility of the cations causes considerable dif- 
ficulty in investigating the correspondingly rapid 
coagulation of silver following exposure to visible 
light. Moreover, the investigation of photochemical 
conversions by means of absorption spectra is 
further limited in the visible region by self- 
absorption by the lattice. Much more suitable for 
such investigations are monocrystals of alkali- 
halides This is due to their higher melting 
points, the correspondingly higher temperatures of 
other transitions depending on ionic mobility, 
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their insensitiveness to visible light under normal 
conditions, and the transparency of pure compounds 
in a wide spectral range. 

Taking into account these advantages and the 
observation first made by Kravtse 1 in 1928, and 
fully accepted today”, viz., the analogy between 
photochemical processes in silver halides and 
alkali halides, it is natural to use alkali-halides 
in the role of ‘‘models’’ for silver halides in the 
solution of many problems. 

For these ‘‘models’’, as distinct from silver 
halide*, the name F-center was adopted for the 
initial atomic centers of high-temperature col- 
loidal coagulates. 


* Kirillov® has shown that for silver halide the ab- 
sorption centers are intermediate between atomic and 
colloidal. However, the initial primitive absorption 
centers were not observed experimentally. The possi- 
bility of identifying with F-centers absorption bands 
observed by Meikliar* near the actual absorption edge 
of AgBr and AgCl crystals, irradiated by ultraviolet or 
heated, is open to discussion®. 


1S. I. Vavilov, Uspekhi. Fiz. Nauk 27, 106 (1945). 


2 
P. V. Meinkliar, Uspekhi Nauch. Fotogr. 1, 149 
(1951). 


3 FE. A. Kirillov, Izv. Akad. Nauk SSSR, Ser. Fiz. 12, 
533 (1948); Uspekhi. Nauch. Fotogr. 1, 183 (1951). 

4 P. V. Meikliar, Izv. Akad. Nauk SSSR, Ser. Fiz. 26, 
129 (1952). 


2Oiahe Tomasevich, Thesis, Kiev State University, 
(1952). 
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Despite the apparent multi-stepped process of 
colloid formation, up to now it has been possible 
to obtain the final products of this process in 
alkali halide crystals only in the form of multi- 
atomic particles of alkali metal**. 

Certain foreign investigators have even reached 
the conclusion*** that at temperatures allowing 
ionic mobility only “‘coarse’’ photochemical 
conversions take place, intimately associated with 
the permissability of ionic transitions. Finer 
photochemical reactions, determined by photo- 
transitions of electrons and also their local fixa- 
tion (except F-centers ), can only be accomplished 
at low temperatures. 

It is not possible to agree with this conclusion 
because in the first stages of the photochemical 
coagulation process even the simplest conversions 
are essential, beginning with the action of in- 
dividual photons, through their statistical distribu- 
tion in the crystal lattice, to their absorption by 
the F-centers. However, until very recently, it 
has not been possible to determine what the nature 
of this initial light effect is and what local elec- 
tronic conditions follow immediately after the 
photochemical annihilation or combination of F- 
centers, i.e., it was not possible to determine the 
intermediate production of atomic and colloidal 
centers, which, without any doubt, exist here 
similarly as in silver halide. 

Wishing to advance the explanation of this 
question, we attempted to study changes in ab- 
sorptivity of KC] crystals containing F-centers 
under the influence of light at elevated tempera- 
tures. Some of the results of our measurements 
have been described in a preliminary publication 
In the present publication we describe in greater 
detail the applicable method and further investiga- 
tions. 

The absorption spectra of alkali halide crystals 
additionally colored were studied on specimens 


7 


“frozen to roon: temperature after coloring at 
elevated temperatures. The temperature depend- 
ence of absorption was studied by heating and 


** The explanation of low, longwave absorption 
bands obtained by Petroff® and other investigators in 


terms of absorption by aggregates of atomic centers re- 
sulting from light acting on the F-centers at low 
temperatures appears highly debatable. 


***See the foreward written by R. W. Pohl and Hl. C. 
Pick to the investigation by Petroff®, 


° St. Petroff, Z. Physik 127, 443 (1950). 
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cooling these specimens to the desired temperature. 
This method is not without fault, however, since 
in cooling, no matter how quickly done, as well 

as in heating, it is possible that processes chang- 
ing the distribution an properties of the color 
centers take place in the crystals. Such processes 
may be: the crystals becoming transparent, possi- 
ble conversion of the centers, coagulation of col- 
loids, etc. This shortcoming cannot be circum- 
vented in the measurement of absorption by 
crystals colored in alkali-metal vapors. 

The overwhelming majority of foreign investiga 
tions have been, and are presently being carried 
out, on crystals colored by exactly this process. 
Yet, an alkali halide crystal can be easily colored 
additively by diffusing the color from a sodium 
electrode into a warmed crystal®. In this method, 
the electrons enter the crystal voluntarily (elec- 
tron diffusion) or under the coercion of an applied 
field. Taking advantage of this application, we 
developed a method® for obtaining colors of uni- 
form intensity by forming them in a homogeneous 
electrical field with the aid of planar parallel elec- 
trodes. The method of coloring with a sodium 
electrode eliminates the need of a vacuum and if 
an applied electric field is used it is possible 
to make the crystal transparent repeatedly, and to 
color it. 

The utilization of this method permitted us to 
measure the absorption spectra of the crystals, 
located directly in the oven, at various tempera- 
tures and degrees of coloration. The samples 
under investigation were potassium chloride mono- 
crystals grown by themethod of Kiropulius with 
every precaution being taken to attain maximum 
purity. A ray diagram of the actual experimental 
arrangement is schematically pictured in Fig. 1. 


The samples were cleaved from a monocrystal 
to a size approximately 2.5 x 1.5 x 0.5 em, care- 
fully polished on two sides and placed between 
two sodium electrodes with the aid of a support A. 
This assembly was placed in a horizontal 
cylindrical oven,B supplied with transparent 
windows,C. The light from a rectangular 30 watt 
tungsten source,D, powered by a storage battery, 
passed through a condenser lens 
which focused the slight on to the surface of the 
crystal plate L. The transmitted light passed 


8 
S. A. Artsybyshev, Trudy Phys. Inst. Akad. Nauk 
SSSR_ 1, 3 (1938). 


Shade Shatalov, Trudy Phys. Facult. Kiev State 
University 6, 43 (1952). 
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through another lens which focused the light on 
an aperture,/’, placed in front of a UM-2 glass 
monochromator. The intensity of the light passing 
through the monochromator was measured with a 
galvanometer and a photosensitive element 
(selenium, FES, FES-U), which was sensitive to 
the various spectral regions. 


Since we were only interested in me asuring the 
change of shape and position of the peaks and not 
the absolute value of the absorption coefficient LL, 
we did not have to measure the thickness d,of the 
the absorbing layer, and we selected the magni- 


0 
tude of In Tz ud as a measure of the absorption. 


The intensity of the incident beam, I was me asured 


by passing the light through the crystal, made 
transparent by reversing the applied field. In this 
way, we could avoid all the errors arising from 
surface reflections, surface irregularities , etc., 
since the same conditions were used for measuring 
I and fe 

The simplest effect of the intensity of the light 
on the crystal could be realized in the following 
way. The beam of light used for the measurement 
constituted a light probe formed by the focal spot 
on the crystal surface. Its intensity depended, 
therefore, on the conditions of focusing ( area of 
spot) and on the variable intensity of the light 
source. Later, the effect of the light was also 
tealized on large uniformly lighted areas. 


2. EXPERIMENT AL RESULTS 


As has been reported previously’ , the light 


absorbed in the range of an F-band does not lead to 


its destruction up to temperaures of ~ 300° C, 
However, upon slight further cooling, a distinct 
light sensitivity of the F-centers develops re- 
sulting in a conversion, during a few seconds fol- 
lowing the beginning of the exposure, from a blue- 
violet atomic coloring of the crystal into a less 
intense (due to absorption near the boundary of the 
visible spectrum ) blue having a greenish tinge. 
As soon as the light source was turned on, a 
small ‘‘ window’’ formed on the uniformly colored 


background due to the F-centers. This window 
had sharply outlines boundaries corresponding 
exactly to the shape of the light probe. Within the area 
of this window, the above-described color changes 
took place, corresponding to the formation of new 
color centers. The further path of the light beam 
passed only through the region of the new color, 
making possible the measurement of the absorption 
spectra of this region. The degree of complete 
““saturation’’ attained could be measured by ob- 
serving the galvanometer indicator after rotating 
the monochromator to the position corresponding to 
the wavelength of the F-peak. Experiments with 
copper sulfate and yellow glass filters, serving to 
connect the long and short wavelength ends of the 
spectrum, permitted the determination of the photo- 
activity of the light absorbed in the region of the 
F-band. 

By means of measurements at temperatures of 
300-270° C, it was determined that the effect of 
exposure to light resulted in areplacement of the 
F-peaks in the long wavelength region by bell- 
shaped absorption bands centered approximately 
near 740 mp. In all other regards, the new ab- 
sorption band, which we have called the X-band, 
does not differ significantly from the original 
F-band. 

In Fig. 2, curve arepresents the F-band ob- 
served at 270° C by a method wherein light pulses 
are used that are long enough to allow measure- 
ment (with a damped galvanometer ) but not long 
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enough to allow significant changes in the color 
centers. Curve b shows the change in the absorp- 
tion of the crystal brought about by continuous ex: 
posure of the crystal until it had been ‘saturated. 
At the indicated temperatures the X-band is 
thermally unstable, disappearing in a short time 
interval, depending on the temperature, if the 

light source is removed. In this case, the crystal 
returns to its original color and the F-band is re- 
stored to its former intensity. The X-band can be 
frozen in only by rapidly quenching the 
crystal to room temperature. In this case, it is 
perfectly stable both in the dark and under visible 
light. The photochemical destruction and thermal 
reconstruction of the F-centers can be repeated 
many times. 
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Exposure to light at temperatures of 250, 200, 
and 150° C can also destroy the F-band completely. 
However, essential differences are observed. The 
optical destruction of the F-centers takes place 
at different rates, passing through a maximum (see 
below), and decreasing with decreasing tempera- 
ture. 

Moreover, upon termination of the exposure, the 
newly formed centers disappear more slowly as 
the temperature decreases until they reach thermal 
stability, which point is a function of the original 
F-center concentration. The observed thermophoto- 
chemical conversions are irreversible,and only 
by raising the crystal temperature to 270-300° C 
or higher can the original F-band be restored in a 
purely thermal way. Furthermore, the coloring of 
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FIG. 2. a-F-centers, 2700 C; b-X-centers, 270° C; 
e-colloids, 250° C; d-colloids, 200° C. 


the crystal resulting from exposures at lowe: 
temperatures is different from the coloring caused 
by X-centers. This difference is characterized by 
the absorption curves (curves c and d in Fig. 2) 
obtained at 250 and 200° C. These curves are 
symmetrical but show a more rapid decline and 
displacement toward longer wavelengths as com- 
pared to the X-bands. The change is proportional 
to the drop in temperature. 

The effect of light below 150° C, when the ob- 
servable ionic mobility is virtually absent, does 
not produce complete disappearance of the F- 
band and leads to a considerably slower production 


of photodisintegrated F-centers having absorption 
curves with many maxima. The investigation of 
these curves, begun recently by Petroff®, and their 
relation to our higher temperature observations will 
require further study. 

By means of additional measurements we have 
elucidated the nature of the temperature depend- 
ence of the new absorption band. It can be seen 
from the observations reported previously? that 
for any chosen light intensity, provided it is suf- 
ficiently great, there exists a limiting temperature 
above which it is not possible to observe a com- 
plete conversion of F-centers into X-centers. Re- 
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low this temperature, the observation of thermal 
changes in the pure X-band is possible only during 
continuous exposures or else by cooling in dark- 
ness until the temperature reaches the range of 
thermal stability of X-centers. Otherwise, the 
electrons have an opportunity to return to the F- 
levels and the changes in the X-bands are not 
produced solely by temperature change. On the 
right side of Fig. 3* are shown X-bands measured 


on the same exposed crystal at 280, 200 and 20° C. 
Intermediate temperatures yield curves inter- 


mediate between those shown. The increasing 
height and narrowing width of the peak, ob- 
served with decreasing temperature, obeys well 
the constancy of the product of the maximum ab- 


729 


sorption coefficient times the halfwidth. As is 
well known, the relation 6 = const for F-bands 
has been experimentally proven by many authors, 
and is quantitatively deduced in Pekar’s!° 

theory. This product (also constant for the X- 
bands shown ) numerically is almost identically 
equal to its value for the original F-band measured 


after additional coloring at 500°C. The 
temperature dependence of this curve is shown on 
the left side of Fig. 3 for comparison purposes. 

As can be seen, the displacement of the two bands 
is quite different. Instead of the usual pronounced 
shift in the F-band, the X-band shifts but slightly 
in the direction of shorter wavelengths upon de- 
creasing the temperature. 


1006 


900 
=f Me 


Fic. 3. a-F-centers, 500° C; b-F-centers, 280° C; 
c~F-centers, 20° C; d-X-centers, 280° C; e-X- 
centers, 200° C; f-X-centers, 20° C. 


The kinetics of the photochemical conversion of 
F-centers into aggregations absorbing in the inner 
region of the spectrum can be best evaluated from 
the decrease in absorption in the F-band or by its 


* The measurements reported in Fig. 3 were carried 
out by L. M. Titomir. 

10 ¢ ], Pekar, Investigation of the Electronic 
Theory of Crystals, GITTL, 1951. 
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increase in newly arising bands. After setting the 
monochromator on the maximum of an absorption 
band, the deflections of the galvanometer con- 
nected to the photoelement on which the light 
falls after passing through the crystal and the 
monochromator are measured. Recording these de- 
flections at fixed time intervals, and assuming the 
/ 
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« max <wAN Fe Bier os 
nagnitude of In = _____ as a measure of the 
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concentration*, one can obtain an approximate 
time dependence of the latter for disappearing and 
newly formed centers under different conditions. 
The curves in Fig. 4 are examples of isotherms 
of time dependent F-center concentrations, ob- 
tained by us in this way. The functions at 
280-270° C, corresponding to the conversion of 
F-centers into X-centers, have an exponential 
character as can be shown by the usual graphical 
analysis. As the temperature is lowered the curves 
become hyperbolic and then straighten out to be- 
come linear. This lack of congruency in the 
curves indicates a change in the nature of the 
F-center destruction mechanism with change in 
temperature. In addition, the curves show that 
the rate of conversion also depends on the 
temperature . It would have been easy to select 


If we plot 1/7 as the ordinate and the tempera- 
ture as the abscissa, we obtain the curve shown 


in Fig. 5. It shows that the rate of photochemical 
conversion of F-centers, very small at low 
temperatures ( apparently bounded by an insig- 
nificant ionic mobility ), grows rapidly with in- 
creasing temperature reaching a maximum near 
240° C. This part of the curve is reminiscent of 


* Since, at not overly large concentrations (in the 
absence of interactions between centers ) the halfwidth 


of the absorption band is independent of the concen- 
tration, the latter can be assumed to be proportional to 
the absorption coefficient at the maximum, for inde- 
pendent centers and constant temperature. 


an observational parameter to follow this depend- 
ence if the curves all had the same shape. For 
example, in the case of an exponential fall-off 

in the concentration, a useful parameter of process 
rate (radioactive disintegration ) is the so-called 
disintegration constant (magnitude equal to the 
reciprocal half-life ) which is a coefficient in the 
exponent and determinable from the slope of the 
line: logarithm of the concentration vs. time. In 
this case, as an approximate common character- 
istic of the observed function, the time 7 of half- 
disintegration of F-centers, can be chosen, i.e,, 
the time, essentially different for different 
temperatures, during which the concentration of 
F-centers is decreased by one-half. The magni- 
tude of the reciprocal of this time can then be 
used as an indication of the rate of the process. 
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temperature dependences (e.g., conductivity or 
diffusion ) governed by the temperature increase in 
ionic mobility. This fact, as well as the tempera- 
tures at which the increased rates begin, con- 
vincingly testify that the thermo photochemical 
Conversions of interest to us are connected with 
ionic rearrangements. After attaining a maximum, 
the rate curve falls rapidly. This appears to be 

a conse quence of a sharp growth of a reverse 
thermal decomposition of new formation, beginning 
at certain temperatures. 

We have measured the temperature dependence 
of reconstitution of f-bands after discontinued ex- 
posure, and also the appeaance of X-bands and 
their thermal disintegration. These dependencies, 
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along with quantitative analyses of the kinetics of 
photochemical conversions of F-centers into X- 
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3. CONCLUSIONS 


The experimental results at our disposal do not 
permit a complete elucidation of the mechanism of 
the conversion of F-centers into new color 
centers, nor the determination of the exact 
nature of the latter, However, the sequence of 
established facts already gives us reason for con- 
necting the observed conversions with the col- 
loidal coagulation of F-centers. This is es- 
pecially evident for formations characterized by 
lower and broader curves shifted toward longer 
wavelengths (see Fig. 2), which can be at- 
tributed to absorption by ever increasing colloidal 
ageregates according to the calculation of 
Savostianova . 

As a matter of fact, the color centers observed 
by us produce absorption bands shifted towards 
longer wavelengths as compared to the F-band 
and can be obtained as aresult of affecting the 
color of the crystal by heat and light, i.e., the 
same factors that figure in the processes of 
colloidal coagulation, specifically at those 
temperatures at which this coagulation takes place 
in alkali-halide crystals. 

As is well known, the rate of purely thermal 
colloidal coagulation is practically equal to zero 
for sufficiently high and sufficiently low temp- 


sa j Inst. Akad. 
M. V. Savostianova, Izv. Phys. Mat. In 
Nauk SSSR 3, 169 (1930); Z. Physik 64, 262 (1930). 


centers will be published in the near future. 


eratures. Consequently, in the process of cool- 
ing, it must pass through a maximum. This is 
apparently the result of the temperature depend- 
ence of the following processes: As the 
temperature lowers, the speed with which the 
atomic centers conglomerate increases with an 
initial formation of multiple centers and later of 
colloidal aggregates. It is believed that the 
outset of this process must be characterized by 
a certain saturation concentration of atomic 
centers in the crystal, which decreases upon 
cooling, similarly to the process taking place, 
for example in the precipitation of the solid 
phase from a saturated liquid solution. Moreover, 
the rate of the reverse process, i.e., the dissocia 
tion of the colloid into atomic centers, is also de- 
creased with lowering temperature. At certain 
specific temperatures, however, an equilibrium be- 
tween these two processes exists. If, in a crystal 
being cooled, after such an equilibrium condition 
has been reached, the intensity of the first 
process were to predominate again, the rate of 
colloidal coagulation could grow without limit. 
Fowever, this growth is limited by the appearance 
of a third factor, viz., arapid decline and, 
finally, a complete stoppage of the ionic 
mobility. The influence of this factor sharply de- 
creases the rate of colloid formation, forcing it 
again to drop from the maximum. 

Upon cooling, the state of the crystal im- 
mediately preceding the dynamical equilibrium of 
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the processes of coagulation and dissociation, ac- 
cording to our observations, appears at 
temperatures at which the photochemical formation 
of X-bands is possible. 

From the results of the present investigation, it 
is possible to reach the conclusion that two 
processes, analogous to those described above, 
occur in potassium chloride also. As an additional 
condition to the process of purely thermal coagu- 
lation, there appears here the role of exposure to 
light. The latter leads to an optical destruction 
of F-centers at temperatures too high for thermal 
coagulation. The thermal decomposition of the 
new formations combined with the reconstitution 
of F-centers makes up the second process. In 
this way, exposure to light is capable of initiating 
photochemical coalescence of atomic centers 
somewhat earlier than would be the case 
thermally, and at the same time displaces the 
initiation of the coagulation process toward higher 
temperatures, preceding those at which saturation 
concentrations occur. This latter condition pre- 
determines the thermal instability of X-centers. 

The presence of a maximum in the temperature 
dependence of the ratio in the observed optical 
process, has been shown by us in Fig. 5. Reing 
bounded on the top by a rapidly growing thermal 
instability, and at the bottom by a fall-off in 
ionic mobility, the thermophotochemical process 
of conversion of F-centers can take place only 
in a narrow temperature interval. This further 
shows its similarity to the process of colloid 
formation. 

As far as the nature of X-centers is concerned, 
we can make afairly reliable choice between a 
representation of X-centers as more or less 
sizable colloidal aggregates containing large 
numbers of alkali metal* and an assumption that 
they are simple nuclei, possibly associated with 
the initiation of colloidal coagulation, being either 
new mono-atomic centers or small groups of 
atoms resulting from the coalescence of F- 


* This apparently unlikely possibility must be men- 
tioned, since Scott and Smith 2 who obtained a narrow 
long-wavelength absorption band in a KC] crystal by 
purely thermal means at very high initial concentrations, 
attributed this to a colloidal metal distribution and 
called it colloidal. 


12 4B. Scott and W. A. Smith, Phys. Rev. 83, 982 
(1951). 
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centers. The sequence of arguments’ convinc- 
ingly testifies in favor of the second postulate. 

A more concretely plausible possibility appears 
to be a model identifying X-centers with F’,- 
centers. Such a model agrees well with the ob- 
servational facts and theoretical considerations 
of Deigen!? (the position of an absorption 
curve’s maximum, its intensity, halfwidth, binding 
energy, etc.). Qn its basis, the mechanism of 
photochemical reaction observed by us can be 
explained more simply as a phototransition of an 
electron from an absorbing F-center, with simul- 
taneous formation of an F “center and a halogen 
vacancy, followed by rapid recombination of the 
twe into a double center according to the scheme: 
2F > ise. As is well known!*, F <centers are ex- 
tremely unstable at observational temperatures and 
would succeed in disintegrating up to the moment 
at which they are somewhat stabilized by combina- 
tion with halogen vacancies, if the latter did not 
occur with sufficient rapidity, caused (aside from 
significant coulomb fields of opposite charge), by 
their sufficient mobility. 

From this, the role of the presence of intense 
ionic mobility becomes clear, i.e., the sufficiency 
of high temperature to make possible X-center 
formation. The same can be said about the re- 
verse process of rapid destruction of X-bands 
after terminating the exposure. This can be ex- 
plained simply by thermal dissociation of double 
centers made unstable by the presence of ionic 
mobility. The latter is confirmed by the 
stability of X-centers following a rapid quenching 
to room temperature. 

The proposed unstable formation, obtained by 
stabilizing an F “center by combination with a 
halogen vacancy, appears to be a realization under 
rigid conditions of an earlier, experimentally un- 
observed local state of the electron in the 
crystal lattice. A more certain determination of 


its properties can be made only following con- 
tinued investigation. 


13M. F. Deigen, J. Exper. Theoret. Phys. USSR 21, 
992 (1951); 24, 631 (1953). 


14 11, Pick, Ann. d. Physik 31, 363 (1938). 


Translated by L. V. Azaroff 
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A microscopic adapter and a polarizer were built for the infrared spectrometer, and the 
anisotropy of absorption and reflection of the gypsum crystals in the region 2-11 inves- 
tigated. For a series of spectrum bands corresponding to the vibrations of the molecules 
of water and SOG groups, pleochroism and splitting into variously polarized components 
were observed. The origins of some bands were determined and conclusions were drawn 
about the character of coupling of vibrations in the lattice. 


1. THE infrared spectra of gypsum crystals have 
been investigated several times since the end 

of the last century. The old investigations were 
reviewed by Shefer and Matossi’. Recently Fllis? 
and Louisfert® investigated the absorption spectra 
of gypsum crystals in the wavelength region 0.9- 
2u. Miller and Wilkins* investigated, together 
with other inorganic substances, the emulsion of 
crystalline gypsum powder in an organic oil. 
Matsumura® studied the spectra of a single 
crystal of gypsum in the region around 3p. 

Also, the Raman spectra of gypsum 
crystals have been thoroughly investigated. 

A most thorough investigation of these 
spectra was made by Krishnan®, Investigations in 
polarized light were carried out by Cabannes and 
Aynard’, They also analyzed the results for 
vibrations in the 3000 cm”! region. 

Gross and Valkov® investigated the Raman 
scattering of gypsum in the region up to 200 cm"}, 
and they ascribed the detected vibration fre- 
quencies to the hydrogen bond. 


Stekhanov’, studying the Raman spectra 


: K. Shefer and F. Matossi, Infrared spectra, ONTI, 
1935. 


2 J. W. Ellis, Phys. Rev. 38, 693 (1931). 

3 J, Louisfert, J. Phys. Radium 8, 22 (1947). 

4 A. Miller and H. Wilkins, Anal. Chem. 24, 1253 
(1952). 


5 On Matsumura, Mem. Faculty Sci., Kyusyu Univ, 1B, 
1-3 (1951); Chem. Abst. 4365 i (1952). 


6 R. S. Krishnan, Proc. Ind. Acad. Sci. A22, 274 
(1945). 


7 J. Cabannes and R. Aynard, J. Phys. Radium 3, 
137 (1942). 


8 &. F. Gross and V. I. Valkov, Dokl. Akad. Nauk 
SSSR 68, 473 (1949). 
9 Stekhanov, Dokl. Akad. Nauk SSSR 92, 281 (1953). 
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of gypsum in the region of 3000 cm}, detect- 
ed in the neighborhood of the fundamental] 


lines 3486 and 3408 cm™! a number of , 
associated lines at the distance up to 200 cm”. 


These lines are ascribed to the intermolecular 
vibrations. 

The purpose of our work was to investigate sys- 
tematically the anisotropy of the infrared absorp- 
tion of gypsum crystals in the region of funda- 
mental frequencies. 


2. A spectrometer with an auto-collimator pro- 
vided with a NaC] 70° prism was used in the in- 
vestigation. The focal distance of the mirrors 
was 600 mm, the prism height was 70 mm, and the 
height of the slits up to 30 mm. The radiation de- 
tector consisted of a thermo-couple with an elec- 
tro-optical amplifier.!° The polarizer was com- 
posed of three laminae of selenium, each about 
3p thick. The maximum obtainable po! aization 
exceeds 90%. The polarization planes of the mo- 
nochromator and the polarizer were parallel to 
each other. The rotation of the polarization plane 
with respect to the specimen was realized by the 
rotation of the latter. 

The absorption spectra were obtained by using 
thin (10-60 4.) sheets of the crystal with a well- 
defined orientation. The measurements were made 
by using a microscopic adapter with the spectro- 
meter. The adapter consists of two identical 
mirror objectives with an aperture of 0.45. The 
first objective projects a nine-time reduced image 
of Nernst’s rod on the object. The object with the 
reduced image of Nernst’s rod is then magnified 
nine times and projected by the second objective 
through the polarizer on the entrance slit of the 
spectrometer (Nernst’s rod appears in its natural 
size ). 


10 8. Pp. Kozyrev, Uspehki Fiz. Nauk 44, 173 
(1951). 
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The use of the micro-adapter was necessary be- 
cause of the difficulties in preparation of thin 
sheets of gypsum crystals with various orientations 
having sufficiently large dimensions. For our 
measurements specimens of dimensions of 0.2 x 1.5 
mm were sufficient. 

It is easy to show that, for a given sensitivity 
threshold of the radiation receiver (which determines 
the resolving power of the spectrometer ), the mini- 
mum area of the specimen depends on the aperture 
of the micro-adapter. The aperture found in micro- 
objectives for infrared spectrometers is not greater 
than 0.8, even in objectives of lower image quality. 
Attempts to use specimens with smaller areas than 
that determined by the aperture of the micro-adap- 
ter and thus not filling completely the monochro- 
ator, resulted actually in a sharp reduction of the 
resolving power of the spectrometer.!1 [t should 
be noticed that, because of its relatively large aper- 
ture, the use of the micro-adapter introduces 
some uncertainty in the results of the experiments. 
This fact, and also the difficulties in preparation 
of thin sheets of gypsum crystals having an orien- 
tation perpendicular to the principal cleavage plane 
(010), obliged us to perform a series of measure- 
ments by the method of reflection. The source of 
radiations - Nernst’s rod - was projected on the 
polished surface of the specimen by means of a 
spherical mirror. Ry means of a second spherical 
mirror the image of the source and the surface of 
the specimen is projected through the polarizer 
on the entrance slit of the spectrometer. The 
aperture of the beam is not greater than 0.1; the 
angle of incidence is 4 °. Under these conditions 
there is practically no influence of the oblique 
incidence on the results of the measurements. 

The polished surfaces had been obtained on a 
well-developed single gypsum crystal. 


3. The gypsum crystal CaSO, ° 2M',C belongs 
to the monoclinic system. The crystal has a lami- 
nated structure and the principal cleavage planes 
separate the layers of water molecules between 
which the double layers of Cat* ions and of com- 
plex ions SO are enclosed.. 


The structure of an elementary cell of gypsum 
(Fig. 1) was established by Wooster. }? 


1l : 
D. L. Wood, Rev. Sci. Instr. 21, 764 (1950). 


12 W.-A. Wooster, Z. Kristall. 94, 375 (1936). 
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Fic. 1. The unit cell of gypsum according to 
Wooster. The tetrahedrons represent the SO4 
groups. The positions of the hydrogen atoms 
of the water molecules are not shown. 


Figure 2 (curve /) shows the absorption spec- 
trum of a fine gypsum powder CaSO,- 2,0 as 
compared with the spectrum of CaSO,- 0.51 ,O 


powder €curve.// ) and with the spectrum of anhy- 
drous CaSO, (curve ///). It is known that the in- 
tense lines in.the region 1100-1200'cm"! are re- 
lated to the vibration of the SO{” ions. The 1615 cm”? 
line is obviously caused by deformational vibrations 
(v,) of the crystallization water molecules 

(in liquid water v, = 1640 cm -1). A weaker line, 
1675 cm™!, could be observed in the spectra ob- 
tained by several investigators, beginning with 
Koblentz, but no suggestion was made to explain 
its origin. The 2220 cm“! line belongs to the 
crystallization water (Raman frequency); the2130cm7! 
line is due to the SO,” group (second harmonic of the 
1100-1200 em7 Hine)! In the spectrum 

band 3300-3600 cm” ' very strong absorption is 
observed. Certainly, here must appear the sym- 
metrical Vs, and the anti-symmetrical 55 vibrations 
of water molecules (in liquid water v,=3450 em™}; 
¥3=3580 cm™'), In the same region also should be 
situated the harmonics of the 1675, 1615, and 1100- 
1200 cm7? lines. It is also possible that the 3300 
-3600 cm™! band is broadened by the presence of 
hydrogen bonds in the crystal. 
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Fic. 2. The absorption spectra of gypsum powders CaSO, 
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Specimens, 


The absorption spectra of a lamina of gypsum 
50p thick, cut parallel to its principal cleavage 
plane, are represented in Pig. 3. The direction of 
the light beam coincides in this case with the 4 
axis of the crystal. The electric vector was 
oriented _ either parallel tothe directionof the fi- 
brous cleavage of the crystal (curve II) or perpen- 
dicular to it (curve /). Curve //] was obtained for 
a crystal cut parallel to the 5 axis and to the direc- 
tion of the fibrous cleavage. The electric vector 
is in this case perpendicular to the b axis. The 
data obtained indicate a strong anisotropy of ab- 
sorption of gypsum crystals. It was impossible 


T is the transmission gon ee of the 


to obtain a full picture of the directions of max- 
imum absorption for all lines; the attempts to re- 
solve the 3300-3600 cm ‘band by using larger dis- 
persion (LiF prism) and smaller thickness of the 
specimen (up to 2) were unsuccessful. It was 
impossible also to resolve the band around 1100- 
1200 cm™!. Therefore, an investigation was male 
of reflection spectra in polarized light. This en- 
abled us to detect many important details. The 
results of these investigations are represented in 
Fig. 4.. This figure shows alsothe directions of the 
incident radiation and of the vibrations of the elec- 


tric vector. 


Fic. 3. The absorption spectra of gypsum crystal sheets in polarized 
light. The orientation of the cuts and the direction of the light polar- 


ization are shown in the figure. 
specimens. 


T is the transmission coefficient of the 
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FIG. 4. The reflection spectra of gypsum crystals. The orientation of 


the polished surfaces and the direction of the polarization are shown in 
the figure. R is the reflection coefficient of the specimen. 


The spectrum band 1100-1200cm-! shows a clear 


anisotropy in the reflection. On curves / and V/ 
(Fig. 4) two components of this band are resolved. 
They are situated at about 1180 and 1150 em74, A 
third component appears on graphs // and J, but 

it was not possible to resolve it, even when a slit 
was used with a spectral width of 3 cm ~!and the 
crystal cooled to the temperature of the liquid air. 
The maximum of this component is, according to 
our estimation, situated at about 1120 em7!. It 
should be pointed out that dependence of the maxi- 
mum on the orientation of the polarization plane is 
observed also in the second harmonic of the con- 
sidered vibrations around 2130 em=! (Fig. 3), but 
the influence of the neighboring 2220 cm7! line, 
associated with the crystallization water, makes 
the study difficult in this case. 

The reflection spectra in the region 1615-1675 cm”) 
shown in Fig. 4 were obtained by taking into 
account the absorption due to the atmospheric hu- 
midity. Here also the dichroism clearly appears. 
The position of the observed lines, whose maxima 
are shifted by 5 cm7'in the direction of low fre- 
quencies with respect to the lines obtained by ab- 
sorption, does not depend on the directions of ob- 
servation and polarization. This is also true for 
the maxima of reflection in the region of valence 
vibrations of the water molecules which are situ- 
ated around 3400 and 3510 cm~+. The second of 
these maxima is a little deformed because of 
the superposition of absorption lines of the at- 
mospheric moisture. It is not clear, however, why 


the broad band of absorption in the region 3000- 
3600 cm=! appears in the reflection spectrum only 
in the form of two narrow maxima. and, moreover, 
why the line od absorption observed on curve / 
(Fig. 3 )around 3485 cm~} does not appear in the 
reflection spectrum with corresponding orien- 
tation of the electric vector of the incidence ra- 
diation. These questions merit further study. 

The results discussed above were obtained 
with an arbitrarily chosen orientation of the elec- 


tric vector of the incidence radiation. In order to 
determine the direction of the maximum absorption, 


the polar diagrams of reflection were measured by 
rotating the investigated specimen around an axis 
perpendicular to the reflecting plane without chang- 
ing the polarization plane. Analogous diagrams _ 
were also obtained by absorption. In this case, the 
spectrometer separated the narrow interval of wave- 
lengths near the maximum of the investigated ab- 
sorption band. The investigations were made on 
those specimens which had been used for the mea- 
surement of spectra. The obtained curves have a 
characteristic form of the figure eight. The direc- 
tion of the greatest absorption coincides clearly 
with the long of the axis eight. 

4. The directions of the absorption maxima were 
determined for the frequencies 1120, 1150,1180 cm! 
associated with the vibrations of atoms of the SQ-- 
ion, and also for frequencies 1615, 1675, 3400 an 
3510 cm”! associated with the vibrations of the 
molecules of crystallization water. The polar dia- 
grams for the frequencies 1120 and 1180 cm~}, and 
particularly for the frequency 1150 cm7}, are a little 


ABSORPTION OF GYPSUM CRYSTALS 737 


deformed.probably as a consequence of superposi- 


tion of lines. Nevertheless, the asymmetry of the 
curves is very great, and the direction of the maxi- 
mum absorption is defined without ambiguity. 

The Table and Fig. 4 show the orientations of 
the dipoles for fundamental frequencies of vibra- 
tions, expressed by means of the angle of eleva- 
tion p and the azimuth ¢~ measured with respect to 
the axes b and aof the elementary cell of the crys- 
tal. The experimental values agree with the values 
computed on the basis of Nooster’s model, accor- 
ding to which eight molecules of water present in 
the elementary cell of gypsum can be reduced, as a 
result of the crystal symmetry, to four identical 
orientations in space. If the dipoles responsible 
forthe infrared absorption of water molecules in 
the crystal are orientated, as in free molecules, 
along the diagonal of the triangle H-O-F (v, 
and v,) and along the normal to its plane (v,), 
then for each frequency the four dipoles would be 
grouped two by two in the directions shown on Fig. 


5 and denoted by v,and vaees 


The Directions of the Maximum Absorptions 


Values calculated 


- Experimental 

Vibration on the basis of Peedi 

Fre qency | —-Wooster’s model__|__ 

a ae : 
‘ 40 ef 
3510 140} 33 0 

3 
3400 127 9 90 3 
1675 == sae 0 = 

n 53 
se 127 9 90 acd 
1180 90 100 90 103 
1150 | 0 ne 0 ae 
1120 | 90 10 | 90 25 


The directions of the maximum absorption of the 
lines 1615 and 1675 cm-! coincide with the bi- 
sectrices of the angles between the vectors v, 
and v, Fig. (5). 

Both these frequencies should be ascribed to 
the deformational vibrations of water molecules v,; 
the corresponding line, according to the theory of 
Davydov, 1? is separated into two mutually perpen- 


e ight Absorption in 
A. S. Davydov, Theory of Lig rp : 
Molecular Crystals, Trudy. Inst. Phys., Acad. Sci. USSR 


1, 1951. 


dicular components. The ratio of intensities of 

these components is in qualitative agreement with 
the predictions of the theory. This interpretation 
agrees with the results obtained by comparison of 
the spectra of gypsum CaSo,- 21¥,0 with the spec- 


tra of CaSO," 0.5170 (Fig. 2). In this last case 
the line 1675 cm7! is not visible. The observed 
split of the line 1615-1675 cm”! indicates that 
deformational vibrations of individual water mole- 
cules in the gypsum crystal are not independent 
of each other and that the absorption and radiation 
in this special region is linked with the propaga- 
tion of the excitation wave through the crystal. 


yoo, 1615 em" 


Fic. 5. The directions of the dipoles, corresponding 
to different vibrations of the water molecules, accord- 
ing to the model of the crystal, Fig. 1. The heavy 


arrows show the observed direction of the maximum 
absorption. 


One would expect an analogous split of lines re- 
lated to the valence vibrations of water molecules. 
In the corresponding region of the spectrum we found, 
however, the vibrations of two frequencies only: 
3510 cm™’ oriented (as 1675 cm-1) along the b axis 
and 3400 cm-! oriented (as 1615 cm7!) in the direc- 
tion normal to the first one. The first of the fre- 
quencies should be related with the asymmetric al (v,) 
and the second with the symmetrical (v, ), valence 
vibrations of the water molecules. We did not suc- 
ceed, however, in detecting second components of 
these lines. One would conclude therefore from 
these results that the valence vibrations of indivi- 

dual water molecules in gypsum crystal are independ- 
ent of each other, and that the excitation by light 
absorption has a localized character. It still re- 
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mains unexplained, however, why there is observed 
for each frequency a single, sharply defined direc- 
tion of maximum absorption, coinciding with the bi- 
sectrix of the smaller angle between the correspon- 
ding dipoles (Fig. 5). Inasmuch as the angle be- 
tween these dipoles is near 90°, with the direction 
of the incidence light normal to the planes v, and 
v,, the corresponding lines should exhibit only 
slight anisotropy. It has to be kept in mind that the 
data considered were obtained only by the reflection 
method and we see no reason to consider them as 
complete. It should be noted that Cabannes and 
Aynard’, studying the Raman spectrum of gypsum in 
polarized light, observed also in the same region only 
two components instead of the expected four. On the 
other hand, Matsumura®, whose paper we know only 
from a digest,discovered in the region of 3p four 
components in the absorption spectrum of gypsum 
crystals. It is thus seen that the spectrum of 
valence vibrations of crystallization water in 
gypsum deserves further study. 


CG. SZ AIS AND Bs CUNEO RMINT 


Let us consider the spectrum of the group SO]. 
As known, the vibrations 1100-1200 cm”! have a 
triple degeneracy. The field of the crystal splits 
them into three components, which in the slightly 
perturbed tetrahedron SOZ should be mutually 
perpendicular 4 The orientations of the corres- 
ponding dipoles are the same for all SOZ groups; 
therefore, it cannot be expected that each of the 
components would be split. 

The orientation of the component 1120 cm“! is 
not normal to the orientations of two other com- 
ponents (see Table). This deviation exceeds the 
limits of experimental error and is obviously 
caused by the asymmetry of the field of the 
crystal acting on the tetrahedron SO? 


Gs Herzberg, Vibrational and Rotational Spectra of 
Polyatomic Molecules. 


Translated by E. L. Bergstein 
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Soiution of the Equations of Pseudo-scalar 
Meson Theory with Pseudo-scalar 
Coupling 


I. lA. POMERANCHUK 
Academy of Sciences, USSR 
(Submitted to JETP editor September 24, 1955) 
J. Exper. Theoret. Phys. USSR 29, 869-871 
(December, 1955) 


4h HE problem of renormalization of the meson 
charge g was analyzed inreferences | and 2. 

It was observed thereby that the expressions 

determined by Abrikosov and Khalatnikov3 for the 


VOLUME 2, NUMBER 4 


JULY, 1956 
vertex portion |”, for the nucleon Green’s function 
G, and for the meson Green’s function D, are 
correct only for Be <1 (g, is the meson charge 
prior to re-normalization), as suggested in 
reference 3, but also for all values of oe 

The proof of this statement contains one point 
which was not fully analyzed. This concerns the 
effect of meson-meson scattering at the vertex 
portion. Even though the simplest diagram a, 
which includes the effect of interest to us (propor- 
tional to [Ind2A~7] a he is small and cannot play 
an effective role, nevertheless diagram b, which 
contains one more meson scattering act, turns out 
to be of the same order as a. This raises the 
problem of summing a large number of various 
diagrams produced by meson-meson scattering. 
Although the aggregate of the diagrams can hardly 
change the conclusion reached in references ] and 
2 that the renormalized meson charge g vanishes , 
nevertheless reference 2 calls attention to the 


importance of examining the meson-meson scatter- 
ing. 


i) 
; in ‘" 
ee: 4 ‘< 
Pal . Yrs 
a <a a . SGC Shes 
\ _ 1 v4 oe 
X% ‘Mp ~< 1H Ast us 1X YS p oy SAN D-H 
ei ee — sh 
p pa Pp HIRCE c 
a b 
42 9 
ay (Bil aca @ 
d e 


References ] and 2 employed the double-limit 
technique developed by Abrikosov and 
Khalatnikov® of cutting-off the divergent terms of 
the equations that determine G, 1’, and D. The 
relationship used there for the limiting cut-off 
momenta for the integration with respect to the 
nucleon momenta ry and the meson momenta A, 
was: 


Ay: In AZA,7 > 1. 


If this equality is strengthened substantially: 


In a2nr* > In Am—?, Ap ©, Ay > &, (1) 


it becomes possible to obtain exact solutions for the 
equations forG, D and I’, fully accounting for the meson- 
meson scattering in such an approximation of a 
point interaction, considered as a limit of the 
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**spread”’ interaction’ with finite A,and A,. We 
shall now prove that if equation (1) is used in the 
pseudo-scalar meson theory with pseudo-scalar 
coupling, G, D and T assume the following values: 


G= p, p> m'*. (2) 


D=k? [1-7 1g? In LS ee Te > Se, (3) 
D=k, BP >; 


Pip, Pt aM, > p> ae, (4) 
x, >(p—kP > m, 4> 2 > ni®, 


T'(p, p—k; k)=0, pP> LZ or RD Ry. 


740 


The only diagram used ine quations (2)- (4) is 
diagram e,contained in the expression forD. We 
shall now verify that an arbitrary unaccounted dia- 
gram is of no significance. Let us examine first 
an arbitrary n-fold overlapping diagram, contained 
in I'(p, p-k; k). Let p*(p-k)? ~k*. Taking into 
account that to such a diagram c there corresponds 
only one logarithmic integration [ p” eet ei enna 
lee << A,7], we find the value of the operator 5, 
which contains (n + 1) D-functions, (2n +3) 

I’- functions, and 2(n + 1 ) G- functions: 


9 


Ae 
dp? r { ee ee 
hed gry) \ —- ! eee gi in xk | (5) 
p? 1 


Ln AAD 


= 
VAN 
i 


<ell 


25—2 <a =e = 
[In Ata, = In Aim? — In ARM, 2—~ In 22 m2], 


Here we did not assume Rie to be small compared 
with unity. If n =0, we have an aggregate of non- 
overlapping diagrams equal in the order of magni- 
tude tom (A?p7 *)/1n (24,2) < 1. We see that all the 
overlapping and nonoverlap pingdiagrams make a 
negligible contribution to I’ if (1) is used. 

Let us now turn to the meson-meson scattering. 


The elementary small square (see diagram d) equals 


Sin nese where k* is the largest from among 
ne ky”, [tek (ky+ kook ee Accordingly, and also 
taking into account that only one logarithmic inte- 
gration corresponds to diagram a [assuming that p? 
Ae k) a | we obtain in the region p?<<k ,? 
~k.*<<A,° the following estimate of the operator 
a: 


Re 
4 dk? 
6 8 |San apes 
a~ ge ([i+— dingy | [In RF dss 
p? 1 


ln m2 


oe Mate n NGS. 
[In 2 m—2))-2 


<ale 


The transition from a to b , involves one more log- 
arithmic integration with respect to f?, resulting in 
the factor: . 
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We see that condition (1) insures a rapid convergence 
of the series of consecutive meson-meson scattering 
acts, making it unnecessary to examine in detail all 


the meson-meson scattering diagrams. 

The above estimates prove the correctness of 
equations (1)43) for any value of lige Unlike the 
case in references 1 and 2, meson-meson scattering 
is known here to play a negligible role. A conse- 


quence of (1}(2) is the vanishing of the renormalized 


meson charge. 


9 
4 


= Pit mw * 9? 1n nem? let 


=m [In Ab? |" 10: 


Let us remark that the use of condition (1) simplifies 


most radically the problem of finding G, Dand I’. 
The examination given here shows that meson-meson 


son scattering ( without involving the term A¢#) does 
not change the conclusion reached in references 1 


and 2, that the renormalized meson charge g van- 
ishes. 

Recently Ter-Martirosian, Diatlov, and Sudakov, 
using avery clever technique, determined the value 
of aggregate of substantial meson-meson scattering 
diagrams, and established that in the case when the 
meson momenta are small compared with certain 
values of A, the entire aggregate of the diagrams 
differs from the simplest diagram d by only a nu- 
merical factor. No conditions whatever were im- 
posed here onApand A,. The result obtained by 
Ter-Martirosian, Diatlov, and Sudakov show that 


the proof that g = 0 is independent of the relation- 
ship between and A, 


* 
We shall use here the symbols of references | and 2, 
except that A will be used ae 


ip la. Pomeranchuk, Dokl. Akad. Nauk SSSR 104, 
51 (1955) 


21. Ia. Pomeranchuk, D 
3 (1958) nchuk, Dokl. Akad. Nauk. SSSR 105, 
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3 
A. A. Abrikosov and I. M. Khalatni 
Nauk. SSSR 103, 993 (1955 ) alatnikov, Dokl. Akad. 


4 
L. D. Landau, A. A. Abrikosov and I. M : 
Dokl. Akad. Nauk SSSR, 95, 497 ( 1954) - M. Khalatnikov 


Translated by J. G. Adashko 
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Crientation of Pianes in Double V° 
Decay Events 


V. M. KHARITONOV 
Physical Institute, Academy of Sciences, 
Armenian SSR 
(Submitted to JETP editor August 31, 1955) 
J. Exper, Theoret.. Phys. USSR 29, 868-869 
(December, 1955) 


N a letter under the same title, Bellam! et al 

considered ten so-called double V° events 
obtained with a Wilson cloud chamber, two V ° 
decays appearing on the same fhotograph.The 
authors assume that both V° particles originated 
fron: the same disintegration, and they consider 
the angles between the plane of their lines of 
flight and the planes of their decay products. 
Denoting 7, as the lesser and 7, as the greaterof 
the two angles for a double V © event, the authors 
plot all ten events as points on an7,~7, plane. 
Under these circunistances, it turns out that the 
majority of the points lie in the lower right corner 
of the graph, i.e., 7, is comparatively small 
(< 40°) as arule, and 7, is large (> 40° in most 
cases). Onthe basis, despite the poor statistics, 
the authors assume that there is a possibility of 
some correlation between the directions of the 
decay planes of the secondary particles and the 
plane of the V° particles. From this the authors 
conclude that at least one V° particle has a spin 
greater than 1 (Oe 

Actually, on the basis of the available statistics 
and the positions of the points on the graph of 
reference 1, no conclusions can be made concern- 
ing a correlation. From elementary considerations 
it is apparent that if one does not distinguish the 
angles for some physical reason, the lesser angles 
will always be concentrated about a small value, 
and the larger angles about a large value. For 


7, in the interval 7, to 7, + dy ,,and7, inthe interval 


7, + dy, and for the conditions Na < Ny and 
isotropic decay, the probability is 


6 64 wT : 
ser aay Ta) Meg ary, 


The figure shows the integral curve of the 
probabilities W for a number of events lying in the 
lower right corner of the m, — 7, plane, to the right 
of a line cutting off the axes 7, and 7, with seg- 
ments Y and 7/2 - y, depending on the magnitude 
of y, and plotted with experimental points Poe 
reference |. The arrows show the errors as de- 
fined by VV. The majority of the experimental 
points lie satisfactorily close to the calculated 
curve. 


Nevertheless, one can draw certain conclusions 
concerning the orientations of decay planes if one 
considers the distribution for angle ie only. The 


differential curve of the distribution will appear 
as a straight line ( dotted line in the figure.) 
Experimental data from reference 1 are shown in 
the figure in the form of a crosshatched histogram. 
One may note a grouping of experimental points 

in the neighborhood of the angle ~ 20° These values 
are analogous to those obtained earlier in refer- 
ence 3 where particles of a definite type nee 
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were selected ( see the upper histogram and the 
dashed line in the diagram; experimental data are 
plotted using exact calculations of angle). Analo- 
gous grouping is not obtained for angle 7,. 

I wish to thank G. S. Saakian for reviewing this 


communication. 


1 J. Bellam, A. L. Hodson, W. Martin, R. Ronald Rau, 
Geo. T. Reynolds, and S. B. Treiman, Phys. Rev. 97, 
245 (1955). 


2 
S. B. Treiman, Geo. T. Reynolds, and A. L. Hodson, 
Phys. Rev. 97, 244 (1955). 


We D: Fowler, R. P. Snutt, A. M. Thorndike, and 
W. L. Whittemore, Phys. Rev. 93, 861 (1954). 


Translated by B. G. Saunders 
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Electroacoustic Waves in a Gas Discharge 
Plasma with Consideration of Volume 
Recombination 


M. V. KONIUKOV AND JA. P. TERLETSKH 
Moscow State University 
(Submitted to JETP editor, June 12, 1955) 
J. Exper. Theoret. Phys. USSR 29, 874-876 

(December, 1955) 


I N a previous paper? electroacoustic waves were 
studied, taking into account the production of 
ionized particles but not considering volume re- 
combination. This occurs along with recombina- 
tion at walls” and plays an important role in some 
cases (e. g. in molecular gases). The present work 
deals with the effect of volume recombination on 
the behavior of electroacoustic waves. 

Three possible cases are considered 1. all 
particles ultimately diffuse to the walls where recom 
bination takes place; 2. recombination takes place 
only in volume, and 3. both volume recombination 
and recombination of the walls take place at the 
same time. 

The behavior of the electrons and ions is de- 
scribed by the system of hydrodynamic equations 
derived earlier!. Qn the assumption that the neutral 
atonis do not move and that the electrons and ions 
are separately thermalized, the system of equations 
becomes (in the notation used earlier) 
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where R-otc “and Rto°ot arethe mass recombination 
rates of electrons and ions respectively. 

Assuming cylindrical symmetry and neglecting, 
as before, terms quadratic in the particle velocities, 
we obtain a set of equations for the relative devia- 


tions n and n* from stationary solutions* 0% (r) and 


a (r), i.e., setting 


oso (itn), ot=of (+n), (2) 


On replacing Og (r) and a6 (r) by their average 
values over 7, the equations become 


(3) 
we WwW Ca = tae Ue ES 
a ea ree SUR. Oy hia 
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where w, and @; are the characteristic frequencies 
of the electronic and ionic oscillations. 
Equations (3) have progressive wave solutions 


n =n, exp (iw!—ikz), nt=ntexp (iwt — ikz). 


The dispersion relation between w and k is deter- 
mined by the equation: 


{k? — (m7/€®) [o?—i(e_—zZ- + R-o*) Pye o?}} (4) 
x (22 — (m*/6*) [o? — Hay $744 Rio Jo — 02} 


= (m= /0) (m*/0*){(@2 — «_R™ oF) 
+ ioR™ of] [(o? — a,R*6,) + ioR*e, | 


We now consider the three cases mentioned earlier. 
1. Volume recombination absent; all electrons 
and ions produced diffuse to the walls and recom- 
bine there. Putting R” and R + equal to zero in 
Eq. (4), we get 


{22— (m7 /0) [w® — i'(n"—?Z7) @ — @3)} 


X_ {ke — (mt /6) [o? — Ha, — Z*) © — of} 
=(m /0) (mt /O+)'a207, 


3 5 1 
in agreement with the earlier result . 

2. No recombination at walls, the rate of pro- 
duction of particles being in equilibrium with the 
volume recombination in the stationary state. 

In this case Z- — R- 07% = z+ — R*to.=0, and the 


dispersion relation becomes 


[2?;— (m™/07) (w? — iz_w — w2)] 
X[k? — (mt/6+) (@? — ix — @?)] 


= (m'/8°) (m*/0*) [(wZ — a Rood ) 


— ioR-o? | [(w? — «Rte, )— iwRto, |. 


The zeroth order soJutions of this equation are 


b2 = (m0) (@? —ia_o — ), 
k® = (mt/0*) (wo? — ia,o — w), 


It is seen that, in contrast to the results of 
reference 1, there is no variation in the damping 
coefficient, so that sustained or increasing ionic 
oscillations are not possible. 

3. Both volume and wall recombination present, 
The zeroth order solutions are 


= pest 3 (a SUR es 2 
7) = TK 6, )o — ow], 


p2 — mt 6 en 
= or [o? — i(@,— Z2++ Rte, ) o— oj. 


Thus the consideration of simultaneous volume 
recombination and recombination by diffusion to 
the walls leads to waves with a decreasing damp- 
ing coefficient. Here, however, in contrast to the 
previous work, the variation of the damping co- 
efficient depends not just on the rate of ionization 
but on the differ ence bet ween that rate and the 
volume recombination rate. 

In summary, it is seen that it is the relative 
importance of bulk and surface recombination 
in the stationary state of a gaseous discharge 
plasma which determines the variation of the 
damping coefficient of the plasma oscillations 
with the rate of production of ions. The most 
rapid decrease in the damping coefficient with 
increasing ionization occurs when there is 
negligible diffusion to the walls. The decrease 
is slower when volume recombination is appre- 
ciable and vanishes when it is dominant. 
Since volume recombination becomes important 
in discharges in molecular gases it may be 
expected that no sustained or increasing plasma 
waves will be possible in them. It should be noted 
also that in tubes of large section an analogous 
effect will occur even for a not very large volume 
recombination rate because of the relative increase 
of ion loss in volume. 

In conclusion we consider it our pleasant duty 
to thank A. A. Zaitsev for his advice on many 
questions pertaining to the present paper ad also 
G. V. Spivak for discussions on the physical mean- 
ing of the results. 
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* . 
The stationary solutions for this case have been in- 
vestigated previously3, Starting from the diffusion equa- 
tion. It is easily shown that the solution in our case 
has the same form. 


- P. ‘Terletskii, J. Exper. 
M. V. Koniukov and Ia. P. i Pp 
Theoret. Phys. USSR 27, 542 (1954) 


2H. Krefft. Phys. Z. 32, 948 (931); H. Krefft, 
H. Reger and R. Rompe, Z. techn. Phys. 14, 242 (1931) 


3 R. Seeliger and A. Kruschke, Phys. Z. 34, 883 
(1 933) 


Translated by B. Goodman 
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Polarization of the Nuclei of 
Ferromagnetic Atoms 


G. R. KHUTSISHVILI 
Institute of Physics 
Academy of Sciences, Georgian SSR 


(Submitted to JETP editor, July 29, 1955) 
J. Exper. Theoret. Phys. USSR 29, 894 
(December, 1955) 


Dp" ING the past years several indirect methods 
have been proposed for obtaining oriented nuclei 

(see references 1,2). Still another method of ob- 
taining polarized nuclei is proposed in the present 
note. 

It is possible to polarize nuclei of ferromagnetic 
atoms in the following manner. f['erromagnetics 
which contain nuclei possessing spins are cooled 
to very low temperatures (for this purpose it is nec- 
essary to bring the ferromagnetic into thermal con- 
tact with a cooled paramagnetic salt). An external 
magnetic field exceeding the saturation field is 
then superimposed on the ferromagnetic. Complete 
polarization of the shell spins is then obtained. 

In turn this brings about a significant polariza- 
tion of the nuclei (owing to the great magnitude of 
the field, forming a shell on the nuclei, and also 
due to the very low temperature) The relaxation of 
the nuclear spins will be rapid since it is tied in 
with the interaction of nuclei with the conduction 
electrons. 

The advantage of the ferromagnetic method con- 
sists in the fact that by this means a target is ob- 
tained free of foreign atoms. The drawback of 
this method is that it is applicable only for polar- 
ization of nuclei of ferromagnetic atoms. 

Shchegolev, Alekseevski and Zavaritskii have 
observed anisotropy in the y-rays emitted from the 
nuclei of Co°”’, when polarized by the ferromag- 
netic method. At atemperature of the order of 
0.05 - 0.08°K intensity, the y-intensity radiation 
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along the external field is about 10-15% less than 
in the perpendicular direction. 

In conclusion, I wish to express thanks to N. FE. 
Zavaritskii and to I. F. Shchegolev, who reported 
the results of their measurements. 


8s J. Blin-Stoyle, M. A. Grace and H. Halban, Prog- 
ress in Nuclear Physics 3, 63 Pergamon Press, London 
(1953). 


2G. R. Khutsishvili, Uspekhi. Fiz. Nauk 53, 381 (1954) 


Translated by D. Tarris 
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The Rotation of the Plane of Polarization in 
Electrolytic Solutions by a Magnetic Field 


A. F. KAPUSTINSKII 
Institute for General and Inorganic Chemistry, 
Academy of Sciences, USSR 
(Submitted to JETP editor, April 14, 1955) 
J. Exper. Theoret. Phys. USSR 29, 883 
(December 1955 ) 


QE AzARr in a careful study of the Faraday ef- 


fect, found that in aqueous solutions of strong elec- 
trolytes, the effect could be considered asmade up of 


additively of two parts, the so-called molar rota- 
tions of the different ions. 


B a} 


= 
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Attention is called here to the increase of the 
molar rotation p with frequency v of the light which 
is well represented by the simple relations 


Cations: 


Anions: 


Y= Alo, 


v= Ap? +B, 


A’ and A” are constants for a given ion which de- 
crease from ion to ion along with their crystal 
ionic radii. 

Figure 1 shows the agreement of the measured 
values with the above relations. The values of 


Vp were calculated from the data of Okazaki! and 
are also given in the table below. 


670 | OOTS 


GY '0 | 8LE°0 | 006S 


870 


6760 | 791° €| SI'S | L8¥'1 | 228°0 | LOL°0 | 009°0 | 8S7°0 | ODE” 


8éL°0 | 797°% | 0L9'1| 702 1} 7bL°0 | ¥L9°0 


Sco Fb | OLY 7 | 0S8°7 | 676 TF) Leb Fb | L28°0 | S220 | €8¢°0 | O0SGE 


€G9°0 | LS0°2 | 96E°F | 000'F | 2€9°0 | 067°0 


1 
A. Okazaki, Proc. Phys. - Math. Soc. (Japan) 24, 40 
(1942); see also J. Parkington, A Treatise on Physical 
Chemistry (London, 1953) Vol. IV p. 604. 
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Distribution Function of a Non-ideal Bose 
Gas at the Temperature of Absolute Zero 


Nn. N. ZUBAREV 
Mathematical Institute, Academy of Sciences, USSR 
(Submitted to JETP editor June 24,1955 ) 
J. Exper. Theoret. Phys. USSR 29, 881-882 
(December, 1955 ) 


HE distribution function for the momentum mole- 

cules of an ideal Bose gas at the temperature 
of absolute zero has a O‘like character. All the 
molecules of the gas lie in the lowest energy level 
withzero momentum. For a non-ideal gas this no longer 
holds even at absolute zero ,owing to the interaction 
of the molecule with the non zero momentum. 

In the work of Bogoliubov and the author’, the 
wave function of the lower state of a weakly non- 
ideal Bose-gas was calculated. In the first approx- 
imation it has the form 


Po = Xp (is dy (=?) PxPe} (1) 
k 


where 


N 
{ : (2) 
Pn = 7 Dy exp {i (or), 
J=1 
44 = h2p2 (4 (R) =) (3) 
Ke V 4m 4m } ’ 


v(k) = fO(r)et )dr = Fourier coefficient of energy 
of interaction ®(r), N = number of particles, V = 
volume of the system, m = mass of the particle. 

The function ¢ corresponds to the zerovibrations 
of the collective variables p,. Ky means of this 
wave function it is possible to find the distribution 
function for the momentum of molecules of a non- 
ideal Rose gas. It is possible to show this in the 
following way. The momentum distribution function 
permits us to calculate the mean value of opera- 
tors of the additive type; this depends on the mo- 
menta of the particles. If one makes up an arbi- 
trary function of additive type out of the particle 
momenta: 


a (4) 
DF). 
j=1 
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then the determination of its average value leads 
to the calculation of the integrals over the coordi- 
nates of all N particles: 


DAC ACD) Pat, - -- dty 


(5) 
\ 9 41, - ene ain 


Nf = 


=NJw(p) f(p) ap, 


where w(p) is the unknown distribution function. 


This problem from a mathematical point of view, 
is similar to the calculation of a contour integral, 
because we are able to apply the method of compu- 
tation of integrals of such a type, given in reference 
2. If the symmetry of function gp is taken into ac- 
count, it is sufficient to calculate only one integral, 
for example j = 1. It is convenient to represent the 
variables p, in the form of a sum of variables p %, 


(which are constructed exactly as before, but which 


do not include ry) and N-¥/?e#or1), and then to ex- 
pand the function in series of these terms. For cal- 
culating the integral along To y++ePy> it is convenient 
to consider the p ‘ke as auxiliary variables and take 
into account their connection with r,,...,r,, as this 
was done in refer: nce 2. Finally, the desired inte- 
gral is represented in a form of a single integral 
over p. Comparing the coefficients for the arbitrary 
function fp y we obtain the distribution function 
W(p). 

Not stopping for details of calculation, which 
will be given in a later paper, we set forth only the 
final results of the computations. The distribution 
function of molecules of a Bose gas of momentum 


p =k at the temperature of absolute zero has the 
form 


w(p) = C3(p) + ae (i— aD) eA (6) 
— Uv a 2 
=f Toni Va = An) A GD: (7) 


where v = V/N. The distribution function (6) was 
obtained on the assumption of weak interaction be- 
tween particles. It agrees with the distribution 
function of a slightly non-ideal Bose gas, as de- 
termined by Bogoliubov3, Here we obtained it by 
another method, that is, we did not utilize a Slike 


momentum distribution by way of a zero approxi- 
mation. 
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The quantity 4”, is connected with the correlation 
function g (r) 


1 
SO Ne iene (8) 
k 


which is not difficult to determine, if one takes into 
account that the correlation function for the lower 

state is proportional to the variation derivative 

of the energy of the lower state for the interaction 
function!. It is possible to determine \? from ex- 
perimental data on the scattering of slow neutrons 
in He II*; however, in this case it is impossible to 
compute the small interaction. 


1 N,N. Bogoliubov and D. N. Zubarev, JETP 28, 129 
(1955); Soviet Phys. 1, 83 (1955) 


2D. N. Zubarev, Dokl. Akad. Nauk. SSSR 45, 757 
(1954) 


: N. N. Bogoliubov, Izv. Akad. Nauk SSSR, Ser. Fiz. 
ge (i947) 


a Rabe Feynman, Phys. Rev. 94, 262 (1954) 
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Towards a Statistical Theory of Fission Width 


V. G. Nosov 
Academy of Sciences, USSR 
(Submitted to JETP editor March 30, 1955) 


J. Exper. Theoret. Phys. USSR 29, 880-881 
(December, 1955) 


N estimate of fission width has been obtained in a 

series of works ’. This letter presents the 
possibility of examining the connection between 
different rates of fission width, and also of de- 
fining it more accurately and extending the field of 
its applicability. 

In the work of Bohr and Wheeler!, the rate was 

obtained by application of the methods of classical 
statistics: 


D () 


where D is the separation of levels; N* is the num- 
ber of levels which are bound. Ry N* (E) is under- 
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stood the number of levels with energy of excita- 
tion not exceeding E. In the immediate Se 


hood of the fission energy Ef we have N* (E-E )) 
S f 
= | and, therefore, 
T,~ D/ 2x. 
ie ke (2) 


As is known, the classical statistics are app li- 
cable for the condition T >> %@, where T is the 
temperature and @ is the vibration frequency of the 
nuclear configuration, associated with fission. In 
the region 7’ << iw it is impossible to use the es- 
timates (1) and (2). In this region, in order to 
make an estimate of the fission width, valid in all 
temperature intervals, we represent it in the form 


If & (iw/27)w where w is the probability density 
on the dividing degree of freedom of the energy, ex- 
ceeding the fission threshold E. We estimate 

this probability, having applied a microcanonical 
distribution® to the nucleus. This distribution 
takes into account not only the law of conserva- 
tion of energy, but also the law of conservation of 
momentum—all states, compatible with the conser- 
vation laws, being equally probable. Finally,we ob- 
tain 


) (3) 


_toN (E—E 
de N’(E) 


Ip 
a 


As it was shown by Landau‘, the density of lev- 
els with fixed moment varies, in principle, accord- 
ing to the law e5(E) where S is the entropy. Since 
dS/dE =1/T, we have N(E)=T/D where D is the 
separation of the levels, which are bound. In view 


of the fact that, near the threshold, NE -E) =i, 


we obtain 


oe (4) 
ly ~(h@w/T)(D /2z). 


In the classical region, T >> hw, the estimates (3) 
and (4) pass to that obtained by Bohr and Wheeler 


(1) and (2), since in this case, as it is not difficult 
to see, D**(T/hw)D. On the other hand, in the 
opposite limiting case T << hw we have D =D and 
therefore, 


Ty ~ (he /T)(D/2n). (5) 


The actual vdues of the quantities hw and T for 
heavy nuclei are not known with any accuracy. We 
assume for computation that both these values are 
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of the order of 1 mev; however, they can varyseveral 
fold. From this point of view the estimate (2) must 
be considered as the lower estimate of the fission 
width. 

If the full energy of the composite nucleus E sig- 
nificantly surpasses the fission energy, then, as it 
is not difficult to see from (3) 


ho lg 
sim exp. 


This rate was also obtained by Kramers 2; evidently, 
it is not applicable in the immediate vicinity of the 
fission threshold. 


''N. Bohr and J. Wheeler, Phys. Rev. 56, 426 (1939) 
2-H. Kramers, Physica 7, 284 (1940) 


3 L. Landau and E Lifshitz, Statisti ; 
7 ; , Statistical Ph 5 
State Technical Publication, 195 Hy ee ysics 


4 
foes Landau, J. Exper. Theoret. Phys. USSR 7, 819 
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Radiation of Molecuies in tie Presence of a 
Strong High-Frequency Field 


V. M. Fain 
Gorki State University 
(Submitted to JETP editor July 11, 1955) 
J. Exper. Theoret. Phys. USSR 29,878-880 
(December, 1955) 


A hae absorption of high-frequency radiation in a 
molecular gas was examined in references 1 ,2. 
It will be shown in the present paper that, besides 
the absorption (and saturation of levels) ata 

fre quency @ ~ @, 9= (E, - E,)/h =a, and E, are 
energy levels of the molecules), there appears a 
radiation at a frequency Q, [see Eq. (6)], which 
depends on the matrix element of the dipole moment, 
corresponding to the transition EF, + E,, and on 

the field potential of the frequency . 

We assume that the following conditions are 
satisfied! “3: a) T «<1/m <« 1, where T is the 
duration of the molecular collision, and 7 is the 
mean time between collisions; b) | — @9| < 1/7 
and jo-o@ | > 1/17, where m, n= 1,2; c) molecu- 
lar collisions re-establish the Boltzman energy 
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distribution; d) o> Q,. 
For any ensemble of quantum mechanical systems 
the density matrix satisfies the following equation: 


i1 (00 | Of) = Ho — A. (1) 


In our case the Hamiltonian H of the molecule in 
the external field F(t) =F sin wt equals 


H=H,— pF () =Hot Vsinot, (2) 


where H) is the Hamiltonian of the free molecule, 
and ji is the operator of the dipole moment. Select- 
ing the representation in which 1) is diagonal, we 


get 


de 

note cnet Slatin tatide 

where n, m = 1,2 [according to condition (b)]. 
According to condition (c), at the moment of 


collision t = tp: 
P12 = P21 = 0, DE poo — Pu = Do, (4) 
where D \= ee - py , is the difference in the 
populations of levels E, and E, for a free 
molecule. 
In satisfying the conditions (a) and (d) the 


solution of equation (3), which satisfies the initial 
ie Z 
condition (4), assumes the form*: 


D = Dg (AQo)? {[ Viz |? cos Qo (¢ — to) + (48)23, (5) 
where 
OF = A] Vie |? + 82, 3 = ay — a. (6) 


The mean dipole moment of a molecule equals 


<u> = Sp (ev) = euta + Pooto0 a Prater + Poittie. (7) 


Cn the basis of the correspondence principle 
we are now inthe position tofind the radiation from and 
absorption by the molecular gas. The last two 
terms in (7) show the contribution to the absorption 
of electromagnetic radiation of the frequency w1,2 
We are going to examine, therefore, the first two 
terms of (7): 


<U> = P11 + Pesttes = Yep ton (8) 


+ Vee + (voe — aa) DQ; 78?) 


1 (1129 — Yar) Dol Vis ogg (1 —t 
a: nee cos Qo ( 0) 
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Here we have used Eq. (5) and the fact that 
P1 1+ Poo = 1. The contribution to radiation is 
given by the variable part of < fi, > 


<u) = Uo cos Qo (¢t — fo), (9) 


Uo = /a (aa — Bar) Do (AQo)~? | Vis. 


Taking into account that the times between the 
collisions 7 are distributed according to the law 


@ (t) dt = (1/7) eT ae, 


it is possible to find the spectral intensity of the 
radiation 


T (Q)  [(Qo — Q)? + e371, (10) 
The total radiation intensity equals 
Drotal = (Qo! /3c°)y2, (11) 


It is easy to understand the origin of the radia- 
tion at the frequency Q, of Eq. (6) on the basis of 
simple quantum electrodynamic considerations. The 
system consisting of molecules and an electro- 
magnetic field is actually described by the 


Hamiltonian WW = i, +H° + %V, where HY is the 
Hamiltonian of the free field and V/2 is the 

energy of interaction [ the coefficient 1 /2 is neces- 
sary to maintain consistency with Eq. (2) |. We 
shall] try to find the solution of the equation 


ey=éy (12) 


in the form of superposition of the solutions of the 
equation 


(H, + AY) yO — GO yO, (13) 
We write 
P= eh + cgi, (14) 


YO = 4 dy (NJ; YO = da, Py pa (A); 


§0 =E,+Nyho; 6$? =E, + (N, +1) ho; 


0 
6)" = 6), 
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(0) (0) : 
where w, &,_, are vave functions of the free 


molecule Oe 2 


+] 
the free field, and N is the number of photons. 
Substituting (14) in (12), multiplying first by 


(N) are wave functions of 


yp , then by pe , and integrating, we get two 


equations. The condition of their consistency 
gives: 


61,2 = 12 (6)? + 6) 44h VW (6% — GOP + [Vv 


2 
12! 


Transitions of the system molecule.+ field with 
radiation of quanta of energy oye AQ... are 
thus possible. It is also not difficult to demons- 
trate that the matrix element of the dipole moment 
corresponding to the transition at the frequency 

a a > > 
Q) is proportional to i, — fi, ,- 

Let us note that the measurements of the 
frequency Q, offer the possibility of the experi- 
mental determination of the matrix element |V, ,|, 
which is proportional to the product of the dipole 
moment and the magnitude of the field intensity F. 
Such measurements offer a method for the precise 


determination of the field intensity of frequency o, 
if the matrix element |j’, ,| is known. If conversly, 
the field intensity of frequency w is known with 
sufficient precision, it is possible to determine 


By » Precisely. 
Let us evaluate the order of magnitude of 
possible frequencies , ~ | fi, .|//h. Let Hy 9! 


~ 10! sec"! and F =1 cgs unit = 300 v/cm; 
then Q,~ 10°sec!. If, however, F = 10 cgs 
units, then Q, 102 “sects. 
intensity at the frequency w, we can change the 
frequency (2, which presents some convenience in 
the experimental handling of the problem. 

In conclusion, let us note that radiation at the 
frequency Q, will be observed only for molecules 


By changing the field 


whose dipole moments 7i,, and fi, differ from 
zero. 


1 R. Karplus and J. Schwinger, Phys. Rev. 73, 1020 
(1948) 


- 2 H. Snyder and P. Richards, Phys. Rev. 73, 1178 
(1948). 


3 J. Van Wieck: and V.Weisskopf Rev. Mod. Phys. 17, 
227 (1945). 
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Anomalous Skin Effect with Arbitrary 
Collision Integral 


M. Ia. AZBEL’ AND EF. A. KANER 
Physico-Technical Institute, Academy of Sciences, 
Ukrainian SSR 
(Submitted to JET Peditor July 14, 1955) 

J. Exper. Theoret. Phys. USSR 29, 876-878 
(December, 1 955) 


I N previous publications’ ’* an expression was 

obtained for the surface. impedance of metal in 
the case of anomalous skin effect*. It was then 
assumed that the integral of collisions can be 
written with the help of the relaxation time 7 in the 
form: 


(Of / Ot). = (f—fo) / 7, (1) 


where f is the electron distribution function, 52) 
is the Fermi equilibrium distribution function. 
Introduction of the relaxation time can be 
rigorously established only at high temperatures 
(T > ©@, Othe Vebye temperature). At lower 
temperatures, the collision integral, in general, 
cannot be written in form (1), and one must consider 
an arbitrary collision integral. Inthe present 
contribution it is proved that the formula for 
impedance, obtained in reference 1, is valid for an 
arbitrary collision integral. Let us note that the 
left-hand member of (1) is not assumed to be small 


in comparison with wf (w— frequency of external 
field). 


The complete system of equations has the form: 


@E, (2) (2) 
dz? 


4riw 2e? : e 
a or \" [¥(z; n) —$(z; —n)]dS,*} 


b(z: : (3) 
7 ea) 
= E, (2) ng En, + Eyny; 
y (Z; n) poate = 0, 


Y (0; n,, Ay, 2) = G90; n,, ny, —n,), nz >0 


n=v/v; v=V,¢(p). (4) 
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iere - e (6f,/6 €) W exp (i@f) is an addition to 
the equilibriun: distribution function of distribution 
{ho E_(z) exp (iwt) - are the components of the 


electric field inside the metal; ae [(6/8t) ., 
+ iol | is ie of the free path length (eS airs 
operator)+; €, p, v are the energy, quasi-momentum 
and velocity of electrons. The parameter q in (4) 
characterizes reflection of electrons from the 
surface of metal (g = 0 corresponds to diffuse and 
q=1 to specular reflection). Integration with 
respect to dS_ in (2) and below is carried out for 
all niomenta on the Fermi surface €(p) = 
n, Sa) 

“Axis OZ coincides with the direction of internal 
normal to the surface of metal. 

Writing equation (3) separately for w (z; n) and 
W(z;-n) and eliminating W(z; n) + (z; -n), we will 
obtain an equation for the function W_(z; n) 


E> 


= wW(z; n) — W(z;en)++, which determines this current 
density 
. y 2 ye 
Wm) 1 Fray (@; 0) = Se, elon, ©) 
O22 n® n, ‘ ; 


In this equation the fact that the main contribution 
to the current density in the anomalous skin effect 
comes from electrons with small n, has been taken 
into account (see references A’): Therefore we 
may consider that the operator L acts on functions 
whose values are taken on the curve i 0 on the 
the Fermi surface. 

Continuing functions E,(z) and W_(z; n), as 
even functions, into the region of negative z, and 
going over to Fourier transforms, we find: 


4riw 2e2 (6) 


x 2 
6500 {8g + Se ee 


x \2n 1, i + eben, ds, 
J 


e 


(9: n) dS, 


—2E, 0 +0— 
6, (0) = 


Go 


a eae 


where ne) = fE_(2) exp (— itz) dz is the Fourier 


transform of the component of the electric field 
(o =x, y). 

Analogously to what was done in references 1 ,2 
it can be shown that the asymptotic expression for 
the surface impedance, in the limiting case of the 
anomalous skin effect, is obtained by replacing the 
integrals in (6) by ee asymptotic expressions for 
large t. In the process the operator L drops out. 

In fact, for lat ge t, since operators L and 
[i+ 'n, 222) 


commute, 
(nah + png Ly Lt, 4S 


{ \ n, (9) 49 
nab 


eS alae xii + LE ng) 
K (9, = (\ % 


| \ dx{I + L2\74L aC) 
0 


4 


¥ : vie 
= farctg xl}. aw Mg (0) = 5 ny (9). 


Here K( ~, 3) - Gauss curvature of the Fermi 
surface; « ,9 — angles of a spherical coordinate 
system in the velocity space: n = (sind cos 9; 
sin 9 sin ~; cos #); 


n, (~) = cos 9; 


ny (?) = sin 9; 


dS, = sin) d9 do / K (9, 8). 


In a similar way one can calculate the asymptotic 
value of the second integral in Eq. (6). 


As aresult we arrive at the following integral 


equation for © (t): 


\ ee (7) 


0 


f -+ i (37%a / c*) (B, / 0) 


LETTERS TO THE EDITOR 751 


where B, is the principal value of the tensor 


oe 0 
a (2xh)3 : K(@, ™/ 2) , 


and the axes X and Y are.chosen along its 
principal axes. 

The integral equation (7) is independent of the 
form of the collision integral and, in particular, 
coincides with the equation that was obtained when 
we introduced the relaxation time +. Therefore we 
may use immediately the results of the previous 
work! and write down the surface impedance Z, in 
the limiting cases of diffuse (¢ = 0) and specular 
(q = 1) reflections of electrons from the surface of 
the metal: 


: 4nio E,, (0) (9) 
Z,=R,+iX,=— ~~ 
E, (0) 
— Ta? \1/s wm 
(V3 ap) G+iV3; @=0. 
— 2 1/5 mt 
L(V 3 3B) (+iV3; g=1. 
X,/R,=V3. (10) 


Examination of the integral equation (7) shows 
that formulas (9) and (10) for the surface 
impedance are valid with accuracy to within a 
small numerical factor of the order of unity, for 
arbitrary linear relation between (0; Wen Tx, n,) 
and W(0; Ny» Nys -n,) on the boundary metal - 
vacuum. 

Thus, in the region of the anomalous skin-effect 
dependence of the surface impedance upon 
frequency (Z,~ w*/%), its independence of 
temperature, and relation (1 0) are all valid not 
only for arbitrary law of dispersion of electrons « = e(p), 
but also for arbitrary collision integral and any rela- 
tion w (0; n,, Ny» nt = Qw(O; Baa Dhae n.) at the 
boundary metal-vacuum. 

In conclusion the authors wish to avail them- 
selves of this opportunity to thank J. M. Lifshitz 
for the discussion of their results. 


* Anomalous skin effect occurs at high frequencies and 
low temperatures, when the mean free path of electrons 
is large compared with the depth of penetration of the 
field into metal. 


*“Here use is made of the spherical symmetry of Fermi 
surface. 


a 
All operators operate on functions in momentum 
spacé. 


+t : : 
In so ce we consider that the collision operator 
has a center o symmetry, 


1 
M. I. Kaganov and M. Ia. Azbel’, Dokl. Akad 
SSSR 102, 49 (1955), aa gs ead be 


2 
- G. E. Reuter and E. H.Sonderhej 
Soc.(London) 195, 336 (1940), me? Pro-Roy. 
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The Internal Compton Effect 


A. M. [AKOBSON 
Moscow State Teachers’ Institute 
(Submitted to JETP editor March 18, 1955) 
J. Exper. Theoret. Phys USSR 29, 703-705 
(November, 1955) 


HIS letter deals with some conclusions which 
can be drawn from the theoretical analysis of 
the internal Compton effect. 

In the interual Compton effect, a nucleus jumps 
from an excited to the ground state, with the re- 
sult that the atom is ionized and a gamma ray 
radiated. The emission of an electron and a gamma 
ray when the nucleus de-excites itself is due to 
the interaction of the electron with the nucleus 
and the electromagnetic field: i.e., it is a third 
order effect. This is presumably why the effect 
has not been observed till recently. It was in 
1953 that Brown and Stump! saw a continuous spec- 
trum accompanying internal conversion. 

The internal Compton effect was analyzed in 
reference l by use of nonrelativistic perturbation 
theory, i.e., with the restriction that the energy 
difference between the excited and ground states 
was much less than the electron rest energy. In 
the perturbation theory approach, the internal 
Compton effect is of third order and considered to 
take place in the following steps: a virtual gamma 
ray emitted by the nucleus is scattered from the 
atomic electrons and as aresult areal gamma ray 
is radiated and an electron ionized. 

The initial state (1) of the system consists of 
an excited nucleus, an electron in its ground state 
and no quanta. In the final state (2) the nucleus 
is in its ground state, the electron is in an ex- 
cited (ionized) state and a gamma ray has been 
emitted. The perturbation was taken to be the 
nonrelativistic interaction between a charged 
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particle and the electromagnetic field. Non- 
relativistic hydrogen-like wave functions were used 
for the electrons. The electromagnetic field was 
quantized with spherical waves. Since the matrix 
elements of the gamma ray annihilations and crea- 
tion operators are nonzero only for one quantum 
transition, the transition of the system from its 
initial to its final state can take place only through 
two intermediate states. For example, the nucleus 
emits a quantum fic ‘k’ and drops to a lower 

state, which corresponds to the first intermediate 
state of the system; then the electron absorbs the 
emitted quantum, and so takes the system into its 
second intermediate state. After this the electron 
jumps into its final state, emitting a quantum 

hick. Thus the matrix element for the transition 
1-2 takes the form 


7 
Vir! I pa 2 


Vio = = : 
12 chem 8 ) KE Siimms oo 


where the indices I and II label the intermediate 
states of the system. The sum is over the nine 
possible pairs of intermediate states. 

The calculations of reference | show that the 
probability of the internal Compton effect is very 
small, differing from zero only because of the 
nuclear multipole field. The effect is described 
by a differential coefficient, which is defined as 
the ratio of the probability that the process con- 
sidered takes place to the probability of gamma ray 
emission when the nucleus makes the same transi- 
tion. General expressions for these ratios are 
obtained, relating the various possible types of 
internal Compton effect to the different possible © 
(electric and magnetic multipole ) transitions and 
the parity of the emitted gammaray. As is to be 
expected, these coefficients can be calculated 
without knowing nuclear w-functions and are 
theoretically obtained independently of any model 
for nuclear structure. 

The final computations of the differential coef- 
ficient for the internal Compton effect with the 
K electrons were made using the Born approxima- 
tion for the final electron state; only the long 
wavelength part of the continuous gamma ray spec- 
trum was considered. 

It was shown that in the nonrelativistic case, 
only the internal Compton effect associated with 
the emission o a dipole gamma ray is of practical 
importance. The following analytic expressions 
for the differential coefficient of the internal 
Compton effect with K electrons were obtained: 
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8 2744/2 dE 
OR = 5-08 [Zap [ee dEx 
kK 


where dB, and dp are the differential coeffi- 


cients of the Compton effect connected with elec- 
tric and magnetic multipole nuclear transitions, 
respectively; AF is the difference in energy be- 
tween the excited and ground states of the nu- 
cleus; EF, is the energy of the emitted gamma ray; 
mc” is the rest energy of the electron; a=e*/tc 
the fine structure constant; Z the nuclear charge 
and / the angular momentum quantum number which 
characterizes the multipolarity of the nuclear transi- 
tion. 

We can use this interesting result to compare 
the differential coefficient of the internal Comp- 
ton effect with the coefficient of internal con- 
version. The ratios of the differential coef- 
ficient of the internal Compton effect to the cor- 
responding coefficient «, for internal conversion, 
connected with the same type of nuclear transition, 
are all equal and do not depend onthe multipole 
order or on the nuclear charge: 


aBR _ aBE 4a TAR dE, 
oe ae Priae Lm | E 


This suggests that there is a simple connection 
between the internal Compton effect and the in- 
ternal conversion process. Indeed, this connec- 
tion follows from the semi-classical theory of 
Wang Chang and Falkoff*, which describes the 
continuous gamma spectrum associated with beta 
decay, if we assume that the probability of the 
internal Compton effect is equal to the product of 
the probability of internal conversion and the 
probability that the conversion electron emits a 
gamma ray as it is knocked out of the atom. The 
full agreement between the quantum mechanical 
calculation and the semi-classical theory shows 
that for small gamma ray energies the internal 
Compton effect can be considered as twosuccessive, 
independent processes: internal conversion and 
subsequent emission of a gamma ray by the emit- 
ted electron. This picture of the internal Compton 
effect also explains why the experimental results 
of Rrown and Stump agree so well with the pre- 
dictions of a semi-classical theory. 

After the present work was finished, a paper* 
appeared on the internal Compton effect associ- 
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ated with a magnetic multipole transition. In 
this paper the differential coefficient for the 
particular nuclear transition considered was cal- 
culated using Rorn approximation but without the 
restriction to nonrelativistic energies. In the 
overlap region between this paper and the present 
work, the two results are identical. 
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Radiative Capture of Thermal Neutrons 
without Formation of a Compound 
Nucleus 


L. K. PEKER 
(Submitted to JETP editor July 25, 1955) 
J. Exper. Theoret. Phys. USSR 29, 865-866 
(December, 1955) 


LARGE amount of experimental data has 

recently been accumulated in which it is 
shown tha nuclear reactions may take place at 
low energies of incident particles ( 1-10 mev ) 
without the formation of a compound nucleus. For 
example, in reactions of the (d, p), (d, n) and 
(p, y) types, the captured particle has little ef- 
fect on the structure of the nucleus. The state of 
the resultant nucleus is most frequently affected 
by the captured particle, which may be located at 
successive excited levels. ~°. This explains the 
fact that in the reactions (d, p) and (d, n) the 
probability of exciting successive single-particle 
levels is considerably greater than for levels of 
other types. !~> In the present note we wish to 
draw attention to the fact that such areaction as 
the radiaive capture of thermal neutrons may also 
apparently take place without the formation of a 
compound nucleus. 


y, 9 
Let us consider the reaction Pho on, 7). Pb a 


The lower excited levels of Pb?°’ are well known 
from various sources [ ordecay of Po?'", K-cap- 
ture in Bi2°, B-decay of T12°? and (d, p) and 
(d, t) nuclear reactions |.2-!! The scheme of these 


levels and their quantum characteristics are shown 
in the figure. The ground state of Pb2°’, in ac- 
cordance with the experimental value of the spin, 
must be written as p,. The 870 kev level is ex- 


cited in a-decay of Po?! and in B-decay of 
T1?2°7, Since T1?°7 has an sy ground level (all 


odd isotopes of ,, Tl have spin %) the 870 kev 
level must have spin % or *2. If the spin were 
54, B-decay to this level would be strongly for- 
bidden ( A/ = 2) and could not be observed. Fow- 
ever, this 6-transition cannot be an allowed type 
since the observed intensity of the 870 kev y- 
line is small. It is most probably a transition of 
the first order of forbiddenness. In this case the 
parity of the 870 kev level is opposed to the 
parity of the ground state of |__T12°7 and conse- 
quently, agrees with the parity of the ground state 
of WO td ae 


pg ie 
am +12 


2350 hh 


1063 tgp 


870 Papp 
570 tye 


Okev Pyy 


Scheme of the levels of ae b ie The dashed line 


represents the state of Pb29? resulting from capture 
of a thermal neutron; the solid lines are established 
levels of Pb2°’, E 1 transitions to the P3,_ level 

2 


which are allowed by the selection rules (+ AP 4) ) 
2 


are not observed. 


The absence of a y-transition from the isomeric 
level i,,, to the 870 kev level also indicates that 


the spin of the 970 kev level must be less than 54. 


The shell model!?>!3, in agreement with the data 
mentioned, describes this as a p3, level. It must 


be a hole-level since it is completely filled in the 
eround stae of maltes ues 


Pb2°97 is obtained from the capture of thermal 
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neutrons by Pb?°°. Since the ground state of the 
even-even nucleus Pb?°° is “* +0” and the 
thermal neutron has no orbital momentum, Pp??? 
is formed in a + % state. Under these conditions, 
y-transitions to the py ground state and the 870 
kev p,, state must be of the electric dipole type 


(the spin changes by one and the parity changes), 
and since the energies involved in these transi- 
tions, 6.73 mev and 5.86 mev, differ little from 
each other, they should have almost the same in- 
tensity. 

In actuality only a y-transition to the ground 
state is observed in the capture of a thermal 
neutron by Pb2°?.'4+15, The absence of a y- 
transition to the p,, level can be explained by the 
fact that the radiative capture of thermal neutrons 
takes place without the formation of a compound 
nucleus, as a result of which the excitation of 
Pa/, hole-levels is improbable. 
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Possibility of Formation of Penetrating 
Radiation { -Mesons) in the Collision of 
High Energy Protons with Nuclei 


A.N.NOVIKOV, B.M.PONTECORVO 
AND G.].SELIVANOV 


Institute for Nuclear Problems, Academy of 
Sciences, USSR 


(Received by JETP editor July 15, 1955) 
J. Exper. Theoret. Phys. USSR 29,889-892 
(December, 1955) 


t is well known that the interaction of slow 
I p-mesons with nuclei is extremely small!, The 
process of capturing slow p -mesons is assumed 
to be written in the form? 


tb +pov+n. (1) 


Information about the interaction of fastu-mesons 
is less certain. In the work in references 3 and 4 
it was discovered that for energies exceeding 100 
mev, p-mesons underwent an anomalously greater 
scattering. The cross section for the anomalous 
scattering was considerably greater than 
10°?8cm?/ nucleon, and is in marked disagreement 
with the existing theory of scattering of these 
particles in the Coulomb field of a nucleus with a 
finite radius. Some authors have assumed that the 
presence of an anomalous scattering indicates the 
possibility of a non-coulombic interaction for fast 
p.-mesons and nuclei.** 

‘The starting point of the present work was the 
assumption that the anomalously large scattering 
cross section for .-mesons was due to a specific 
nuclear interaction. Such a strong interaction can~ 
not be caused by an extremely small probability 
process of emission by nucleons of p and v 
particles, i.e., processes which are responsible 
for reaction (1). Generally speaking, the mechanism 
of scattering of fast y-mesons by nucleons cannot appear 
in processes of absorption of slow  -mesons, since the 
probability of capturing slow  -mesons by nuclei is 
extremely small (~ 10°sec”! for Z~10). It is not diffi- 
cult to see that a strong interaction may be caused by 
only virtual processes of emission by nuclei of two 
particles (4) where the mass of the particle x may not 
be less than the p-meson mass. 

It is natural to come to the conclusion that the 

scattering of u-mesons depends on the interaction 

between the nucleon field and the field of a pair 

of -mesons corresponding to the virtual process: 
(N’) > (A) + (u, #) (N—Nucleon). (2) 

The possibility of a sufficiently strong pair 
interaction has already been implied many times®. 
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In particular, Wentzel’, proposed a structural 
theory of m-mesons based on a pair interaction of 
P-mesons (47 or uy =) 

In the present work it was assumed that the 
virtual process (2) took place. Moreover, it was 
assumed that the coupling constant has a value 
sufficient to explain the‘anomalous scattering”’ 
and it was considered that, in addition to charged 
mesons, there also exist hypothetical neutral 
po-mesons. Under these assumptions, the cross 
section for p°-meson formation by collisions of 
protons with nuclei, when the relative energy con- 
siderably exceeds the threshold for formation of a 
pair of y-mesons, must be 1-10 % of the cross 
section for formation of mmesons. An experiment 
is described below in which an attempt was made 
to detect 1% mesons. 

athe fundamental property of the hypothetical 
p-meson followed from the ‘ ‘anomalous scattering”’ 
of p-mesons as was done above. It is natural to 


suppose that the cross section o(u?>p*) for the 
process of exchange scattering of p-mesons by 
nucleons 


wo + Nap* +N, 
(3) 

is, as an order of magnitude, the same as the cross 
section for the usual scattering of charged mesons 
by nucleons (2 10°28 cm?/nucleon if the original 
assumptions are correct). In connection with this 
we carried out an experiment to detect p °-mesons 
as the products of conversion according to reaction 


(3). 

It is characteristic that the value of the cross 
section o(ue>p*) (10°?®cm?/nucleon) turns out, 
on the one hand, to be sufficiently small, so that 
it gives rise to the large penetrability of po-mesons 
(the mean free path equals several meters of iron) 
and on the other hand it is sufficiently large so 
that the p °-mesons_ can be detected as a product of 
this conversion. The large penetrability of this 
hypothetical radiation permits setting up an experi- 
ment for detecting it through the shield of the 


accelerator, where the background of neutrons is 
very small. One can expect that at a distance of 
40m from the irradiated target of the synchrocyclo- 
tron the flux of p°-mesons ®(y°) is approximately 
1 cnr? sec’! if, of course, it is understood that the 
assumptions are correct. The estimate of the flux 
of j.*-mesons, emerging from a thick converter, set 
at a distance of 40m from the target of the synchro- 
cyclotron, gives ®(u~) ~0.5 em72min7? 

“*The detector of p®-niesons was a telescope, 
consisting of a triple bank of proportional counters, 
connected in coincidence (resolving time 9.3 p-sec). 


The effective area of each of the banks is 256 em~* 
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An additional bank of roportional counters of 
effective area 576 cm” was placed in front of the 
converter (a copper block 16 cm thick or a steel 
block 20 cm thick. It worked in an anti-coincidence 
system and served to decrease the background of 
charged particles. The distance between the 


outside group of counters connected in coincidence 
was 80cm. 


3 protons 


>: 


cd 
») 
2 
oe 


Experimental Arrangement. I-target; 2-collimator; 
*3 deflecting magnet; 4-telescope of scintillator detectors, 
used as a monitor; 5-iron shield;6-telescopeof proportion~ 
al counters, serving as a ‘‘ detector of penetrating radia- 
tion’’; 7-converter; 8-counter, filled with BF, ; 9-concrete 


shield. 


The fundamental part of the measurement was 
made at atime when the synchrocyclotron was used 
for other experimental work, in which it generated 
a beam of 7-mesons. The carbon target of the syn- 
chrocyclotron (2.5 mm thick) was bombarded with 
protons of energy 670 mev. Charged 7-mesons 
(see Figure) deflected by the fringing field 
of the accelerator, proceeded through the collimator, 
were focused by the auxiliary magnet and 
then were detected by the telescope of scin- 
tillating counters. The readings of this 
telescope in our experiment gave us the possibility 
of controlling the intensity of the circulating beam 
of protons. ‘ ‘The detector of u°-mesons’’ was 
situated behind a set of three concrete walls, which 
in the figure is represented schematically in the 
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form of a single block 8m thick. The distance from 


the target, exposed to protons, to the detector was 
38m. The telescope was aligned tangentially to 


—— 


With accelerator off 


Triple coincidence counts 
MNO rapitaigey eee aoe ac. c 
counts of the first group of 
counters in | min 


As is readily seen, the increase in the counts 
due to the accelerator is very small. Apparently, 
it is produced by the diffuse secondary particles 
originating from the background of neutrons in the 
shield. The background of chance coincidences is 
negligibly small. It is determined by the method 
of out-of-alignment coincidences. The efficiency - 
of the charged particle telescope was determined in 
a separate experiment. In the limiting case, when it 
is assumed that the increase in triple coincidences 
is due entirely to the emission of p°-mesons from 
the target, we may on the basis of the given data 
obtain an upper limit for the flux of j.-mesons 
originating in the converter. In this way we find 
that O(u*) <3x103cm min, This value aah 
orders o1 magnitude smaller than that which was 
expected in the original assumption. In another | 
experiment where the protons bombarded a beryllium 
target, we found an analogous result. The conver- 
sion of the 4°-mesons in this case took place in a 
steel block 20cm thick, and with a monitor using a 
counter filled with BF. 

To estimate the maximum fraction of p° -mesons 
from the recorded effect (see above) we conducted 
a supplementary experiment. “The detector of 
y.°-mesons”’ was turned relative to its initial direc- 
tion by an angle of 60°. In this way the detection 
of charged products of the conversion of p°-particles 


never took place because the anomalous scattering, 
according to the experimental data, took place 
chiefly at small angles. It was found that, within 
the limits of error of the experimental data obtained 
with the rotated detector, the results agreed with 
the data given above. This allowed one to come to 
the conclusion, that the principle part of the counts 
detected in this experinient consisted of the back- 
ground, Nevertheless in the estimate of the upper 
limit of the cross section for formation of a pair 
pear mesons we assumed that the effect was com- 


Leh 


1582 
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the equilibrium orbit of the circulating proton beam. 
The experimental data are given below 


With accelerator 
switched on to 
full intensity 


0.26 1.36% 0F3 1 


IH 


I+ 
=> 


18226 


_pletely due to p°-mesons. 


The upper limit for the value ole (the cross 


section for the emission of a pair from the collision 
of two nucleons at a relative energy of 680 mev) was 
estimated by the use of the assumptions-a) the 
angular distribution of y-mesons originating in 
nucleon-nucleon collisions is isotropic in the cen- 
ter of mass system, b)the mean energy of , °-mesons 
in the laboratory system ~1 30mev,.c) the cross 
section for exchange scattering o(° ~u*) ~10°7&m4 


nucleon. It was found that o | Kee 7x 10°32! cm2/ 


nucleon, i. e, four orders of magnitude smaller than 


the value of the cross section for the formation of 
7-mesons. 


The result obtained allows one to reach the 
following conclusions: 1) ‘‘The anomalous scatter- 
ing’ of p-mesons cannot be explained by an interaction 
between the nucleon field and the pair field (up ), 
2) The ‘‘ structural’ theory of 7-mesons proposed 
by Wentzel apparently does not conform to reality. 
3) The contribution to the pair interaction (u,p°) 
to the nuclear force is insignificant (© ] 9-3 St the 
contribution of the 7-mesons). 

At the time of completion of the present work 
there was published the work in reference 8 in 
which an attempt was made to detect pair forma- 
tion of charged y-mesons by photons of energy 
345 mev on nuclei of Al and Be. The authors came 
to the conclusion that the relative strength of the 
interaction (up ) was similar to our conclusions 
on the interaction (y*,y°), 


This report is based on the results of the work com- 
pleted in 1954 and previously reported in reports of the 
Institute for Nuclear Problems, Neck Sci. USSR. 

** Tt has recently been the custom to consider that 
anomalous scattering was explained rather as a 
deficiency of the existing theory of coulomb interaction 
than as a specific nuclear interaction of pi--mesons. 
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Formation of Neutral z-mesons in (n- p) 
Collisions at Effective Neutron 
Energies of 590 mev 


V. P. DZHELEPOV, K. O. OGANESIAN AND 
V. B. FLIAGIN 
Institute for Nuclear Problems, Academy of Sciences, 
Academy of Sciences, USSR 
(Submitted to JETP editor August 2, 1955) 
J. Exper. Theoret. Phys. USSR 29, 886-889 
( December, 1955) 


’ : \He kinematic calculation of the processes of 
formation of 7°- mesons in collisions of neu- 
trons with free protons: 


n+p—>ntq, (1) 


Cp? re -p, (2) 


which are accompanied by the decay of these 
mesons into two y- quanta shows that the probabil- 
ity of emission of the y- quanta at 90° (in the 
laboratory system) from the beam of neutrons, 
depends very slightly on the angular distribution of 
m°-mesons in the center of mass system of the 
colliding nucleons as well as on the velocity of 
the center of mass. This fact makes it possible 

in principle to determine the sum of the total 

cross sections for forming 7~mesons in reactions 
(1) and (2) by measuring the number of y- quanta 
coming out of the target at an angle of 90°. 

The arrangement of the apparatus, used in the 
experiment, is shown in Fig. 1. Neutrons of high 
energy were generated by bombarding the internal 
beryllium target of the synchrocyclotron with 
protons of energy 680 mev. The intensity of the 
beam of neutrons of energy above 400 mev 
in the region of the apparatus was ~ 1-2 


x 10* neutrons/cm’sec. The energy distribution 
of neutrons in the beam was investigated in a 
special experiment by Fliagin! and is shown in 
Fig. 2. 

Gamma-quanta from the decay of 7 mesons, 
generated in the target, were detected in the 
telescope of two scintillators and one Cerenkov 
counter labeled in the Figure by the numbers 1, 2 
and 3,respectively. The conversion of the 


Fyc. 1. Scematic Arrangement of the Apparatus 
a - telescope-detector of y-quanta, b - converter, 
c - target, d - scatterer, e - neutron beam, f : tele- 
scope-detector of protons, g - telescope-monitor, 
h - Tungsten filter 
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y- quanta was carried out in a lead plate 
(converter) of 3mm thickness, located behind the 
first counter. This counter serves to prevent the 
possibility of the detector registering fast charged 
particles flying from the target, and is connected 
in anti-coincidence with the counters 2 and 3. The 
Cerenkov radiation of the conversion electrons in 
a 3-meter counter, which is a block of plexiglas, 
was recorded simultaneously on a pair of photo 
multipliers. All of the relative measurements were 
carried out with the aid of this detector. 


10 


Peed) 400 500 500 = 


E,(MeV) 


or Gceds Energy distribution of Neutrons 


The effect of the generation of 7°-mesons in 
collisions of neutrons with free protons was de- 
termined as a difference between the effects of 
targets of polyethylene and graphite, consisting of 
an equal number of carbon atoms. By means of 
this study, carried out with these targets, we have 
the ratio of the cross sections for emission at 
angles of 90° (in the laboratory system) 
of y- quanta from the decay of 7°- mesons from 
hydrogen and carbon. This ratio was shown to be 
equal to 


H C 
es / (ee) = 0.215 +. 0,014. (3) 
AQ) 4) \dQ/ 5g 


The absoulute value of the yield of emitted 

Y- quanta was determined in experiments in which 
(simultaneously with the measurement of the flux 
of y-quanta) we determined the recoil proton flux 
produced by elastic (n- p) scattering whose cross 
section for neutrons of mean energy 590 mev 

had been determined in our laboratory”. For this 
purpose, the telescope which detected y- quanta, 
the Cerenkov counter, was replaced by a scintil- 


lator. In this manner we eliminated the need 
of determining the effect of the Cerenkov counter 
in an auxiliary experiment. The converter in this 
experiment has a thickness of 1mm. The telescope 
which registered the proton recoils was located at 
an angle of 30° relative to the direction of the 
neutron beam (see F'ig. 1) and acted on the target 
in common with the y-detector. In order to use 
the data of experiments on (n - p) scattering in our 
work, a tungsten filter was placed in front of the 
last counter of the telescope-detector of protons. 
This filter guaranteed an energy threshold for the 
particle counter the same as the threshold of the 
detector used in reference 2. 

The absolute cross section for the emission of 
y-quanta at 90°(in the laboratory system) from 
the neutron beam for a hydrogen target under the 
conditions of our experiment is expressed by the 


following formula: 


(20,) _ (Ne BOyKy (dog () 
AV yp Ng? TAD LK i dQien 


where the symbols y and p stand for the detector 
of y-quanta and protons respectively; N =the 
counting rate of the detector; AQ the solid angle 
intercepted by the detector; k the efficiency of the 
detector; (dq, ,/dQ) 3 9 the elastic (n-p) scattering 
for an angle of 30°, equal, according to reference 
2 to-(371 40.2) 10°?” cm2/steradian. 

For determining the values of N# and N, we 
measured simultaneously in both detectors the 
effect of the carbon target, while the effect of the 
hydrogen was determined with the help of the known 
value of Eq. (3). A simila malysis was performed 
for the proton detector (for 309. 

The coefficient K_ takes into account the ab- 
sorption of recoil protons by the filter. This coef- 
ficient was determined directly from the experiment 
With this in view, we placed a system of two telescopes 
in the proton beam emerging from the synchrocy- 
clotron; these registered elastic (p-p) events. One 
of these telescopes was used as described here as 
the proton detector. The coefficient K_ was de- 
termined as the ratio of the counting rates with and 
withoutthe filter* and was given experimentally as 
equal to 0.5. 

The efficiency for detecting y-quanta K, is 
equal to the product of the conversion probability 
p with the coefficient 7, which takes into account 
the loss of electrons owing to scattering in the 
converter. The probability p is easily calculated 
on the basis of the known experimental and theo- 
retical work on the total cross section for absorp- 
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tion of y-rays in lead. The coefficient 7 was de- 
termined by calculating by the method given by 
Moliere’. For a converter of 1 mm thickness 
and average energy of y-quanta ~ 100 mev, 7 is 
found to be equal to ~ 1%**, 

The basic difficulties which arise in trying to 
determine K.,, are the following: 1) The ener gy of 
7°mesons in the center of mass system of the 
colliding nucleons can take on different values, (2) 
the unknown form of the angular distribution of 7@ 
mesons in this system (both factors determine the 
spectrum of detected y-quanta). However, as is 
demonstrated by calculation, the weighted average 
of K,, over the spectrum of y-quanta is slightly 
dependent on these factors and changes in the 
range from 0.089 to 0.098 for a mean energy of in- 
cident neutrons of 600 mev and a converter thick- 
ness of ] mm. 

The effective solid angle of the detector of 
quanta was found by conducting a separate experi- 
ment in which we studied the dependence of the 
counting rate of the detector on the diameter of 
the converter. 

On the basis of our determination of the values 
of N, & and AQ and also the known cross section 
(do, ,/dQ), 90from Eq. (4) for an angle of 90°, we 
obtain the absolute cross section for the emission 
of y-quanta from the decay of 7~mesons by colli- 
sions of neutrons with hydrogen,This cross section 
equals 


(do, /dQ) o= (0.72 + 0,18)-1077 em?/steradian. (5) 


On account of the non-monoenergetic neutron flux 
(see Fig. 2) the cross section found by us is aver- 
aged over the energy spectrum of the neutrons. For 
determining the effective energy to which we refer 
this cross section, we made use of data on relative 
yields of yquanta in the reaction p/n > 7° (n # p) 
in the proton energy range 490-650 mev obtained in 
the work of reference 4, data on the formation of 7° 
mesons for nucleon energies 340 mev® and 400 meV 
and also for the neutron spectrum shown in Fig. 2. 
The effective neutron energy in our experiment 
turned out to be equal to 590 + 20 mev. 

The absolute value of the cross section (do, 


/dQ) 94° as indicated above, enables us to get the 
total cross section for generating 7°-mesons in (n- 
p) collisions. On the assumption that the angular 
distribution of 7~mesons is isotropic in the center 
of mass system of the colliding nucleons, we derive 
the value*** 


° 


4 
onp 


= (5.9 + 1.5)-1072? cm. 6) 


In the case of an angular distribution ~ cos? @ for 


759 


7-me sons having a momentum (in the center of 
mass system) equal to half the maximum, the cross 
section turns out to be 5% greater and is 


on, = (6.3 + 1,7)-10-27 cm’. (7) 


Comparing the cross section (6) with the cross 
section measured in reference 5 for protons of en- 
ergy 340 mev, it is evident that the increase of the 
cross section for generating 7™mesons in (n-p) col- 
lisions in the energy range 340-600 mev is propor- 
tional to 2°? *°-5, where & is the maximum meson 
momentum in the center of mass of the colliding 
nucleons. 

If we use the result of reference 7, in which was 
determined the cross section for formation of 7™mes- 
ons by protons of 670 mev on neutrons bound in 
deuterium, and convert this to the energy 590 mev 
with the aid of the relation 0” ~ k 3°? given in reé 
erence 7, then ois found to equal (5.3 +1.2) x 


ee cm”. For the same energy the cross section 
th obtained by us was somewhat larger, as was 


to be expected. However, the precision of the re- 
sults of the two experiments is insufficient to at- 
tempt to establish, on the basis of the observed 
difference in the cross sections for forming 7™ mes- 
ons from nucleons that are free or bound in deu- 
terium, a quantitative estimate of the effect of bound 
nucleons on the process of forming mesons. 

For a neutron energy of 590 mev, the cross sec- 
tion for forming 7~mesons in (n-p) collisions ap- 
pears to be approximately 17% of the total cross 
section for the (n-p) interaction, which at this en- 
ergy equals (36 +2) x 10-7? cm” according to ref- 
erence 8. 

In conjunction with our results and those avail- 
able in the literature on the cross section for gen- 
erating 7°mesons in nucleon-nucleon collisions fa 
E uci, ~ 900 mev it appears that they satisfy the 

(8) 


relation 


on, a hore + oe _— Ce, 

and, so, do not contradict the requirements of the 
charge invariance of the nuclear force. If we as- 
sume that this hypothesis is correct, then we can 
take advantage of the resultant equation o(pp > nr, 
d) = 20(np > 7°,d). It is then possible to obtain 

the cross section for formation of 7@mesons from 
the reaction (1). Thus, according to the experiment 
in reference 9, for E., = 586 mev, o(pp> a* +d) 
equals (2.95 +0.15)'x 10°?7 cm 2; then for the same 
energy o(np > 7° + d) has to be equal to 1.5x 10 én 
Under these conditions it follows that, for an energy of 
590 mev, the cross section forgener ating 7*+mesons in 
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reaction (2) is approximately three times greater than 
that in reaction (1). 


* 4 5 
We make use of this opportunity to express our thanks 
to B. S. Neganov for help rendered to us in conducting 
this experiment. 


=the geometry of our y-detector allows detection of 
all electrons of energy > 10 mev emitted in a cone of 


opening angle 40°. 


On the assumption of an isotropic angular dis- 


tribution of 7?-mesons Eq. (3) tells us that the cross 


section for formation of ji -mesons from carbon is a. 
= 27.4 +6.7x10~° cm 


Dv. B. Fliagin, Reports Inst. Nuclear Problems 
Acad. Sci. USSR 1954 


2 Tu. M. Kazarinov, Reports Inst. Nuclear Problems, 
Acad. Sci. USSR 1954 
ore Moliere, Naturforsch. 3a, 78 (1948). 


4 B.D. Balishov, V. A. Zhukov, B. M. Pontecorvo and 
G.I. Selivanov. Reports, Inst. Nuclear Problems, Acad. 


Sci., USSR, 1954 

5 R. W.Hales and B. J. Moyer, Phys. Rev. 89, 1047 
(1953). 

© R. A. Shluter, Phys. Rev. 96, 734 (1954) 

7 A. A. Tiapkin, M. S. Kozodaev and Ja. D. Prokoshkin 
Dokl. Akad. Nauk. SSSR 100, 689 (1955), 


8 V. P. Dzhele ov, lu. M. Kazarinov, B. M. Golovin, 
V. B. Fliagin and V. I. Satarov,Izv. Akad. Nauk, SSSR 
Ser. Fiz. 19, 5 (1955). 


° M. G. Meshcheriakov and B. D Neganov, Dokl. Akad 
Nauk. SSSR 100, 677 (1955) 
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Microwave Spectrum of the C,H.Cl Molecule 


A. I. BARCHUKOV, T. M. MINAEVA AND 
A. M. PROKIOROV 
The P. N. Lebedev Physical Institute, 
Academy of Sciences, USSR 
(Submitted to JETP editor July 19, 1955) 
J. Exper. Theoret. Phys. USSR 29, 892 (December, 1955) 


W* have carried out a preliminary study of the 
totational spectrum of the C,H,Cl molecule. 
A short communication on the spectrum of this 
molecule was published by Wagner and Dailey! : 
who studied the transitions 1 aa 2, a li D 
2x5 345 .and 250> 3,, in the C,H.cP > molecule 


? 


and the ] ‘ae a and Ge 7a transitions in the 


. T] 7137 
CHCl molecule. From these transitions they 


Om Abie 


obtained the values of the rotational constants B 
and C, as well as the magnitudes of the quadrupole 
bonds along the principal axes of inertia. 

We have studied additional transitions whose 
frequencies have the following values, neglecting 
the effects of quadrupole interactions: 


Molecule Transition Observed Frequency (mce/sec) 
Gers Oo — for 10 246,20 + 0,00 
C.H;C]35 1; — 22 20 903.50 + 0,04 
C2H5C1%” Ovo — tor 10 456,00 + 0,05 


The frequency of the transition line 0),-1,, 
coincides with the frequency calculated from the 
the values for 8 and C given in reference 1*. 

The frequency of the transition 1,,- 2 
depends on the rotational constant A; calculation 
gave the value A = 30,940 + 200 mc/sec. The low 
accuracy in the determination of A is due to the 
fact that A enters into the value of the transition 


frequency 1 See Dip as a small correction of the 


form (B - C)2/ A: and the magnitudes of B andC 
are very similar. Note that, in general, the 
accuracy of determining A is always small if it is 
determined from transitions involving a change in 
the dipole moment .. We propose to observe 
transitions involving the measurement of pp. 
Although these transitions give less intense lines, 
they provide a more accurate determination of A. 

Using the transition 0. - 1. _, we have deter- 
mined the dipole moment j,, of the CA Cle. 
molecule from the Stark splitting of the line which 
has the hyperfine structure F = 3/2 - 5/2, at 
applied fields of 195 v/cm and 292 v/cm. The 
calculation of 1, was carried out using the ‘‘weak 
field’’ formula. The value found for p, was 


1.79 + 0.105\D- 


* . 
The rotational constants for ClALCly: given in 


reference 1] are incorrect, and were therefore calculated 
directly from the line frequencies given therein. 


1. S. Wagner and B. P. Dailey, J. Chem. Phys. 22, 
1459 (1954). 


Translated by D. C. West 
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Concerning the Cross Section of Overcharging 
of Slow lons in their own Gas 


Ia. M. KAGAN AND V. I. Perel’ 
Karelo-Finnish State University 
(Submitted to JETP editor, March 30, 1955) 
J. Exper. Theoret. Phys. USSR 29, 884-886 
(December, 1955) 


HE value of the effective cross section of over- 
charging for collisions between ions and atoms 
of the same gas can be determined from experi- 


ments on ton beams as well as from the meas- 
urements of the drift velocity of ions in an electric 


field in a gas. Recent methods, however, require 

a knowledge of the character of the interaction be- 
tween ions and atoms. As is well known, with the 
collision of an ion and atom there occurs a reso- 
nance effect along with the possibility of charge 
exchange. As shown in theoretical calculations ~ 
the effective cross section of overcharging in this 
case is so large that exchange of momentum is not 
essential for the majority of collisions. Therefore, 
a convenient model for describing the interaction of 
an ion with an atom of the same gas appears to be 
the proposed Sena model for pure overcharging. 
This is confirmed also by the measurements of 
Ziegler®. On the basis of this model, wherein it is 
proposed that the cross section of overcharging 
does not depend on the relative velocity, Sena ob- 
tains, in an elementary way, a formula for the drift 
velocity of ions in a large field. An exact expres- 
sion for this case, obtained by means of a solution 
of the kinetic equation” has the form 


u =(2e EJ] xmqN) ?, (1) 
where z is the drift velocity, e and m the charge 
and mass of the ions, q the cross section of over- 
charging, E the field intensity, and N is the atomic 
concentration. Expression (1) differs from the 
formula of Sena in the value of the multiplier. In 
the case of smdl fields it is possible to make use 
of the well-known formula® 


[Vota] | we 


0 


3n'/2eE 
~ 8(mkT)''tN 


where T is the gas temperature and k is the Boltz- 
mann constant, 


i. 3 
Q = 2n\ (1 — cos) 6 (0) sin 9 a0, a 
0 


oO) sin 0 d@d¢ is the effective differential cross 
section for scattering, 0 is the angle of scattering 
in the center of mass system. In the case under 


consideration o(6) has the form of a sharp maximum 
near 0=0 and nea 0 = 772. The first corresponds 
to elastic scattering and the second to overcharging 
For angles perceptibly different from 0 and 7, o( 6) 
is small. Therefore, it is possible to write the ap- 
proximation 


o(0) = — [q8 (1 + cos 6) + 913 (1 — cos 8)], (4) 
where q is the cross sectoin for pure overcharging 
and q the cross section for scattering; O(x) is a 
delta function. With the hypothesis that q is not 
dependent on velocity, we obtain from (2) and (3) 

a = 3n'/*eE/16 (mkT)'/*9N. 6) 
Equation (5) differs in its multiplicative factor from 
the approximate formula obtained in reference (7) by 
10%. 

By making use of Eq. (1) it is possible to calcu- 
late the cross section of overcharging from the ex- 
perimental data of Hornbeck and Varney °’!° for the 
motion of the ions of an inert gas in a strong field. 
In the case of a weak field it is possible to make 
use of Eq. (5) and calculate the cross section of 
overcharging from the experimental data of Biondi 
and Chanin!! for the motion of ions. The values 
calculated by such a method are shown in the third 
and fourth columns of the Table. In the first and 
second columns, there are given for comparison the 
total cross section q,and the cross section of over 
charging q obtained by Ziegler from experiments 
with ion beams at ion of ~ lev. The magnitude of 
the,cross section in the Table is given in 10°15 cm? 
The cross section obtained from the value of the 
drift velocity in large fields corresponds to an en- 
ergy of ion drift of the order of 1-2 ev. They are 
not in bad agreement with the data of Ziegler (with 
the exception of helium). The cross sections ob- 
tained from the data for the drift velocity in small 
fields also corresponds to the thermal energy of the 
ions, but does not exceed the cross sections near 
large energies. Thus the data in the Table show 
that the model for pure overcharge with velocity in- 
dependence of cross section yields fairly good re- 

sults in a sufficiently wide interval of ion energies. In 
the work of reference 7 it is shown that this model 
give good results for the drift velocity, according 
to the data of references 9 and 10, for all 

values of the ratio E'/p (where p is the reduced 
pressure) reached in the experiment if they use the 
cross sections calculated from their data for large 
fields and the true thermal motion of the atoms. 

In the work of Hornbeck and Wannier+???? it is 
attempted to explain the results of measurements 
of the drift velocity of ions in inert gases by means 
of a model which assumes isotropic scattering of 
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the ions and atoms. They use this model to calcu- 
late the cross section from the drift velocity near 
large fields and arrive at a value which is in poor 
agreement with the results of Ziegler (Ziegler at- 
tempted to improve the agreement by subtracting 
(without presenting a reason) the gas kinetic cross 
section from the atual cross section). Furthermore, 
this model is not entirely in agreement with the re- 
lation obtained by Ziegler between the total cross 
section and the cross section of overcharging. Re- 
cently Wannier ‘4 rejected this model, and recog- 
nized that the model of pure overcharging is 
actually better. However, the cross section of 
overcharging calculated by him from the drift 
velocity in large fields | with the help of kKq. ()] 
is not correct, apparently due to an error in conver- 
sion. The cross sections of overcharging 
calculated by the formula of Demkov® for He, Ne, 
A, kr, Xe are equal respectively to 2.6, 3.0, 4.1, 
46, and 5.3 x 10°1°cm?. As is evident from the 
Table, agreement is best of all for He and Ne, and 
worse for A, kr, and Xe. This also explains 
certain divergences between the theoretical and 
experimental curves for the cross section of the 
drift velocity of ions in these gases given in refer- 
ence 7. This divergence is, in our opinion, entirely 
attributable to the inaccuracy of Demkov’s calcu- 
lation. We note that the determination of the cross 
section of werchaging made by Sena}5leads to 
still worse agreement with the experimental values 
of the cross section. 


Gas | Gnl*] | als] | gt*] 

| 

t 
PICw Le omer Oe et — 4.1 ZA0 | 3.6 
Ne 5 4,4 ae il5) (Ea P 
ja eer 9 Seo 6.5 Ts 
Kena see a 9 7.6 VEZ 
> AE aii a sae le 13 “OS 9.3 dies 


The calculated mobilities of Massey and Mohr?, 
and of Holstein* appear to be more accurate, but up 
to now calculations have only been made for small 


fields. They areed well with results of experimen- 
tal work!?, 


BH Samy Massey and C. B. Q. Mohr, Proc. Roy. Soc. 
(London) A144, 188 (1934) 


2H. S. W. Massey and KE. H. Burhop, Electronic and 
Ionic Impact Phenomena, Oxford Univ. Press, London 


(1952). 
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3 Tu. N. Demkov Uch. Zap., (Science Memorandum), 
Leningrad State Univ., No. 146, Series Physical Science 
8, 74 (1952) 

a, Holstein, J. Phys. Chem. 56, 832 (1952) 

5 L. A. Sena, J. Exper. Theoret. Phys. USSR 16, 

734 (1946) 

° B. Ziegler, Z. Phys. 136, 108(1953) 

_ ‘Ia. M. Kagan and V. I. Perel , Dokl. Akad Nauk SSSR 
98, 575 (1954) 


® §. Chapman and T. G. Cowling, The Mathematical ) 
Theory of Nonuniform Gases, Cambridge University 


Press (1939) | 
° J. A. Hornbeck, Phys. Rev. 84, 615 (1951) 
10 R.N. Varney, Phys. Rev. 88, 362 (1952) 


11M. A Biondi and L. M. Chanin, Phys. Rev. 94, 910 | 
(1954) 


2 J. A. Hornbeck and G. H. Wannier, Phys. Rev. 82, | 

458 (1951) | 
13 J. A. Hornbeck, J. Phys. Chem. 56, 829 (1952) 
14 ©. H. Wannie, Phys. Rev. 96, 831 (1954) 


15 L. A. Sena, The Collision of Electrons and Ions 
with Gas Atoms, State Publishing House of Technical 
and Theoretical Literature (1948) 
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The Effect of Pressure on the | 
Superconductivity of Cadmium 


N. E. ALEKSEEVSKII AND Iv. P. GAIpUKOV 

Institute of Physical Problems, 
Academy of Sciences, USSR | 
(Submitted to JETP editor September 7, 1955) | 
J. Exper. Theoret. Phys. USSR 29, 898-899 | 
(December, 1955) | 


A Pee effect of pressure on the displacement of 
the critical temperature of a superconductor 

has been studied by many authors!~’. However, 
they studied only superconductors whose transi- | 
tion temperatures are above 1°K. It seemed | 
interesting to study the effect of pressure on the | 
properties of superconductors with low transition 
temperatures. Such a superconductor is cadmium, 
which goes into the superconducting state at 
0.54 °K. We measured the critical magnetic field 
vs. the temperature of samples of polycrystalline 
cadmium without pressure as well as with pressure. 

To obtaintemperatures in the interval between 
0.06 - 0.6°K we used the method of adiabatic 
demagnetization of a paramagnetic salt. The 
pressure was obtained by freezing water in abomb of 
fixed volume®. Heat contact between the bomb 
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and the salt was realized by means of a thermal 
conductor K (Fig. 1), a copper rod, 2mm in dia- 
meter and 50mm long, one end of which is pressed 
into the salt, and the other is cadmium soldered to 
the plug of the bomb. To assure a reliable contact 
between the salt and the thermal conductor, thin 
copper sheets were hard soldered to the end of the 
thermal conductor and pressed into the salt?. The 
bomb for retaining the pressure was made of 
beryllium bronze. It had an outer diameter of 
10mm, an inner diameter of 5 mm and a length of 
80mm. To seal the bomb plug a washer of 
annealed copper was used. The sample was pre- 
pared from 99.95% pure cadmium and was in the 
form of arod 3mm in diameter and 20mm long. To 
be sure that the sample O makes reliable thermal 
contact with the salt, we soldered it to a small 
piece of copper wire, 0.5mm in diameter, which in 
turn was soldered to the inside of the bomb roof. 
The solder was pure cadmium. A drawing of the 
apparatus is shown in Fig. 1. We obtained thermal 
contact betweenthe salt and the liquid helium by 
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admitting a small quantity of gaseous helium into 
space A through tube 8. This helium after 
demagnetization is adsorbed by the salt F and in 
this way the thermal contact between the salt and 
the liquid helium is broken. The demagnetization 
was done ata field of 15,000 oersteds and an ini- 
tial temperature of 1.6 K. The salt used was iron 
ammonium alum. After the demagnetization the 
temperature obtained was of the order of 0.05-0.06 
The subseqient warm-up to a temperature of 
0.6°K took 4-5 hours. The salt temperature was 
measured as in former experiments? by the displace- 
ment of coil D, which is connected to the ballis- 
tic galvanometer. To determine the critical field of 
cadmium, the magnetic moment of the sample was 
measured by means of another coil E, which can 
also be connected to the ballistic galvanometer. 
The magnetic field was produced by a solenoid 
wound around the helium dewar, The detetmination of 
the pressure in the bomb, C, was derived from the 


displacement of the superconductivity transition of 
indium6, 


j= 
LLL 


iy Feel Bs 


The results of the measurements obtained at p 
=0 and p = 1550 atm are shown on F'ig. 2. In these 
experiments the temperature of the sample was as- 


Pires? 
sure: B-Nov. 26; @-Nov. 11; 
Under pressure: A-Nov. 3; Oct. 22; @-Oct. 28. 


Measurements 1954 - Without pres- 
A- Nov. 10; O-Nov.2;X-Nov.4. 


sumed to be the same as the temperature of the salt, 
the truth of which was ascertained in separate ex- 


periments. The curves we obtained for the critical 
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fields fit the following formulas well: 


(7 / 28.5) + (T/0.54)? — 1 for p = 0 


(H ,/26.5) + (1/0.495)? = 1 for p = 1550 +50 atm. 


H,, is shown as a function of T? on Fig. 3, indi- 
cating the accuracy of the derived equations. H, 
and T, have the following values for cadmium: 

at p = 0, H = 28.5 oersteds, T= 0.540%; 


at p = 1550 atm, Hy = 26.5 oersteds, T, = 0.495. 


Thus: 
OT , /dp =3 x 10°14% dyne™! cm? 


OH |/ Op = 1.27 x 10° %oersteds dyne™ !em?, 


i.e., they have the same order of magnitude as for 
other superconductors © !°. Thus we note the 
change of Le by a pressure ~“1500 atm is 8.3%, 


i.e., slightly larger than the corresponding value 
for other superconductors. 


DiGi: 


Same meaning of symbols as in Fig. 2. 


1G. J. Sizoo and H. Kammerlingh-Onnes, Leid. Comm., 
No. 180c, 1926. 


2 oay Sizoo, W. J. de Haas, and H. Kammerlingh- 
Onnes, Leid. Comm., No. 180c, 1926. 
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$ B. G. Lazarev and L. S. Kan, J. Exper. Theoret. 
Phys. USSR 14, 463 (1944). 


5 N. E. Alekseevskii and N. B. Brandt, J. Exper. The- 
oret. Phys. USSR 22, 200 (1952) 


© L. S. Kan, B. G. Lazarev, and A. I. Sudovtsev, J. 
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10 1, Shoenberg, Superconductivity, (Cambridge Univ. 
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The Quantum Theory of the Magnetostriction 
of Cubic Monocrystals of Ferromagnetics 
at Low Terperatures 


A. A. GUSEV 
Moscow State University 
(Submitted to JETP editor November 10, 1954) 
J. Exper. Theoret. Phys USSR 29, 895-897 
(December, 1955) 


1 an earlier paper! we presented a general 
method for the quantum treatment of the mag- 
netostriction of ferromagnetic single crystals at 
low temperatures. The results were applied to 
crystals of hexagonal symmetry. 

All the basic physical assumptions of the theory 
outlined in reference 1 ae also valid for the cubic 
lattice. The special peculiarity of the latter is 
its much higher symmetry, which in particular, 
does not permit us to extend the theory of magnetic ani- 
sotropy, developed for hexagonal crystals, to cubic crys- 
tals.” In the case of magnetostriction, this difficulty 
arises to a significant degree, since the deforma- 
tion of the lattice by the magnetic forces 
eliminates the symmetry and there is introduced 
into the Hamiltonian the operators of magnetoelas - 
tic interaction which are quadratic in the spin 
operators and linear in the components of the 
deformation tensor. This difficulty affects the 
consideration of the magneto-elastic anisotropy 
which appears in the phenomenon of magneto- 
striction. 
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The equivalent Hamiltonian of the system in 
this case has the form 


H = Go—Y2 d) Gag (A, fr) Si, Sf, 2 


—), > A‘p Ui; SF, SP — pH pane SF 


where the summations are carried out over all 
upper and lower indices appearing in them. The 
difference from the hexagonal case consists of 
the fact that the form of the tensors G By and 


Ane will be different, corresponding to cubic 


symmetry of the lattice. In the same way as in ref- 
erence 1, we write the Hamiltonian in diagonal form: 


ices AE + LES it fx. (2) 
R 


(All the symbols in Eqs. (1) and (2) have the same 
meaning as in reference 1). In the case under con- 
sideration, the quantity AE, is small at low tem- 
peratures and strong fields in comparison with the 
remaining terms in Fq. (2), and can be neglected 
for our purposes. Under these conditions we have 
for E, and E,, approximately, 


Ey = —-(N/2)(G, +& (YarYa4jj) + 207], 4 


E,=2uH-+6& (Yas¥g-4;;) + BR. (4) 


Here G are the mean values of the diagonal terms 
of the tensor of electron interaction (the exchange 


integral), B =C (*s k = wave number, and 
a 


E(Yqs¥qoti;) = (url + u2,All + usoAjs) vj (9) 


99 28 22\ .,2 
4 (ay A2 + warAZ + wa0As5) V2 
4 (aA on + eA) 
+ wpAt rive + U3A23 yov3 + Uy3A\3 Y1Y3> 


where ay are the mean values of the components 


of the tensor of magneto-elastic interaction. 
FBaving Ea. (2), it is not difficult to calculate 


the partition function, and hence the free energy 
: ? 

the magnetoelastic part of which in the same ap- 

proximation has the form | 


NE (Yas Yqs 4i;) 
ay = 9 (8, lob, (6) 
where 


(7) 


3 
(8, Hy) =A — YB YM erase, (Nees Ap. 


aN \ px ) 


For cubic symmetry of the lattice, the compo- 
nents of the tensor A xB have the following proper- 
ties: 


Ay = Ay = Ags = Ary AQ = AQ3 = Aig = Ass 
Ath = 0 for (i/) = (#8). 


Computing €(y,, Ye ui) and substituting in Eq. 
(6) we get for Vu. an expression from considera- 
tion of which it is evident that, because of its de- 
pendence on p,.4,, coincides with the classical expres- 
sion for the magneto-elastic energy of a cubic crys- 

tal. Hence the quantities 


(APN / 2V) 0 (8, H) (8) 


play the role of magneto-elastic coefficients; 
however, in contrast to the classical expressions, 
they are functions of the temperature and the 
magnetic field. 

In order to obtain expressions for the constants 
of magnetostriction, we introduce the elastic 
energy and find the equilibrium values of the 
components of the deformation tensor u; = ud. from 
the condition of a minimum. If we substitute 
these in the formula for the relative extension, we 


get 
255 0 = 
Arro0y = Atr00y PC 44)» Afrooy = e14NV/V, (9) 
psc \) 0 = 
Au re Muy 99, je hy Maat = CoAQN | Wo 


The coefficients c, and c, depend on the elastic 
constants of the cubic lattice. As also in the case 
of the hexagonal crystals, the quantum calculation 
permits the a priori explanation of both positive 
and negative value of AT 100] and Ataiai] F 


which the classical theory could not do. Thus we 
have obtained in clear form the dependence of the 
constants of magnetostriction of cubic single 
crystals on temperature and, which is very 
important, on the external magnetic field. 

The quantum theory of magnetostriction of ferro- 
magnetics with a cubic lattice is extremely weakly 
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developed. There is on this problem only the 

work of Vonsovskii®, where a theory is given for 
the high temperature region. In this same work 

an expression is given (without derivation) for 

the temperature factor ~(9, H) at low temperatures 
(for H =0). In the corresponding case one can 
introduce the expression for ~(¥8 ,0) from the 
quasi-classical theory of Akulov. There depend- 


ence is of the form 9°/2 in these expressions; 


however, our dependence (7), while containing 
9°/2 , possesses a more complicated character 
(for details, see reference 4). 

In the comparison of the expressions for the 
constants of Anisotropy® and the constants of 
magnetostriction of ahexagonal crystal’ and a 
cubic crystal Eq. (9), a definite analogy is noted 
in their temperature behavior at low temperatures. 
This circumstance points up the deep connection 
between the phenomenon of anisotropy and that 
of magnetostriction, and is determined by the 
character of the energy spectrum of ferromagnetics 
at low temperatures. The great variation observed 
in the temperature dependence of the constants 
of magnetostriction and anisotropy for medium 

and high temperatures is connected with the fact 
that the ‘‘gas”’ of quasi-particles (elementary 
excitations) ceases to be ideal upon increase in 
temperature, and other quasi-particles (especially 
phonons), their interaction with ferromagnons 
begins to play an important role, and the individ- 
uality of the lattice appears strongly. These 
circumstances disrupt the apparent universality 
at low temperatures and lead to a series of com- 
plicated effects. 

The theory developed by us, as noted in 
reference 1, applies primarily to liquid hydrogen 
temperatures. The development of a systematic 
quantum mechanical theory of magnetoelastic 
phenomena for intermediate temperatures and in 
the region of the Curie point is an important 
problem of the quantum theory of magnetism that is 
still unsolved. 


1 A. A. Gusev, J. Exper. Theoret. Phys. USSR 29, 
181 (1955); Soviet Phys. JETP 


2 
S. V. Tiablikov, J. Exper. Theoret. Phys. USSR 20, 
661 (1950). 


3 
S. V. Vonsovskii, J. Exper. Theoret. Phys. USSR 10, 
761 (1940). 


4 : c P - 
eri A. Gusev, Dissertation, Moscow State University 
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The Study of Relativistic Particles by the Use 
of Nuclear Emulsions in a 


Pulsed Magnetic Field 


V. M. LIkHACHEV, A. V. KUTSENKO 
AND V. P. BoroNKOV 
P. N. Lebedev Physical Institute, 
Academy of Sciences, USSR 
(Submitted to JETP editor August 12, 1955) 
J. Exper. Theoret. Phys. USSF 29, 894-895 
(December 1955) 


I N recent years thick photographic emulsions 
have been used widely in a large number of 
physical problems. The study of the tracks left by 
particles in their passage through an emulsion en- 
able us t oderive information about the properties 
of the particles, the naure of nuclear reactions etc. 

However, the sign of a particle is seldom deter- 
mined by this method ad in many instances (when 
the entire track is not contained in the emulsion) 
the energy is not determined with sufficient accu- 
racy. 

A more complete solution of these problems can 
be achieved if the nuclear track plate is placed in 


a strong magnetic field during the period of irra- 
diation. A calculation shows that an analysis of 
the momenta and signs of the particles can achieve 
sufficiently accurate results only in strong mag- 
netic fields of the order of 1-1.5 x 10° gauss and 
above. It is known tha such strong fields can be 
set up, at least at the present time,on ly in the form. 
of pulses. However, in working with accelerators 


which also produce pulsed beams of particles, the use of 
pulsed magnetic fields seems to us especially ad- 


vantageous because of the possibility of synchro- 
nizing the particle beam with the field*. We have 
used this kind of pulsed magnetic field to measure 
the spectrum of photons from the synchrotron of 
the Physical Institute of the Academy of Sciences 
of the USSR. 

The apparatus consists of a current source! a 
control circuit and a solenoid within which the 
photographic films ae placed. As a source of 
energy we use a bank of IM-3/100 pulse capacitors 
with a capacity of 3300 pf. The current-switching 
element is an IG-100/5000 ignitron. The pulse 
which fires the ignitron is timed so that the field 
peak coincides with the arrival of the particle beam 
from the accelerator. In order to avoid exposure of the 
nuclear emulsion in the absence of the magnetic field 
the accelerator operates under a so-called single-pulse 
regime**, The coil, which was made according to 
our own design, enabled us to set up a magnetic 
field of 1-1.5 x105 gausswith a 5 mm space between 
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sections of the coil and an inside diameter of 2.5cm. 
Axial asymmetry in the working part of the coil is 
2-3% and radial asymmetry is 5-7%. A test coil was 
used to measure the field. The field was determined 
with an accuracy of 5%. 

In order to determine the sign of the charge and 
the energy of the particles, measurements were 
made of the magnetic curvature and multiple scatter - 
ing. For analysis of the tracks we used a MBI-8 
microscope with a special ocular scale which makes 
for a great saving of time. Up to the present time 
we have studied 800 pairs found in an emulsion 
which was exposed in a magnetic field of 120,000 
gauss. The total length of the tracks of these pairs 
is 221.6 cm. The mean energy per particle as de- 
termined by the magnetic method for 1600 compo- 
nents is 43.3 +2.7 mev; by the multiple scattering 
method the mean energy is 46.5 +1.7 mev. The 
scattering constant per 100 p for electrons in a type 
«P >NIKFI (Cine-Photographic Scientific Research 
Institute) emulsion is 23.4 +0.7. 

Preliminary data on the spectral distribution of 
the pairs is given in the figure. The results ob- 
tained by the multiple scattering method are shown 
by the dashed line the solid line gives the results 
obtained by measuring the magnetic curvature. 


80 120 160 200 240 E Mev 


It is of interest that in a total of 78 cm (with 
39 cm of the distance for positrons) only 2 
instances were observed in which the particles 
disappeared suddenly without leaving a visible 
trace. In both cases the ‘‘ disappearing”’ 
particles were positrons. Not a single similar 
instance was detected for negatively charged 
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particles. We also observed a few cases of single 
scattering of electrons and positrons at angles 
above 100° and pair creation in the field of an 
electron. 

In conclusion we wish to express our thanks to 
Prof. V. I. Veksler for his constant interest and 
assistance. 


* 


‘Ge dbus was first suggested by G. M. Strakhovskii in 


x 
By the single-pulse regime we mean a regime under 
which the accelerator emits a single pulse at the appro- 


. 6é . . 
priate Command’’ from an automatic device. 


bap Ais Kapitza Proc. Roy. Soc. (London) A 105, 691 
(1924) 
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Inelastic Scattering of Mesons in the Semi 


Phenomenological Theory of the Interaction 
of 7-Mesons with Nucleons 


Iu.M. Popov anp A. A. RUKHADZE 
The P. N. Lebedev Physical Institute, 
Academy of Sciences, USSR 
(Submitted to JETP editor July 29, 1955) 
J. Exper. Theoret. Phys. USSR 29, 893 (December, 1 955) 


HE problem of inelastic scattering of 7-mesons with 
eae ( inelastic scattering emanating from the 
energy of incident mesons higher than 400 mev) has been 

solved on the basis of the semi-phenomenological 
theory of the interaction of 7-mesons with nucleons’. 
Calculations were carried out according to the first 
nonvanishing approximation of Heitler’s theory of 
damping”. After scattering, the following states 
were considered: nucleon + meson and “‘isobar © + 
meson, but the state of anucleon + two mesons was 


1200 
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not investigated. The credion of the second meson 
was regarded as the disintegration of the isobaric 
state of the nucleon. The present study does not 
contain new constants in comparison with the work! 
Total cross sections were obtained for the scat- 
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tering of 7*- and 7 - mesons on protons with calcu- 
lation of the contribution of 5, /2" Pijg and P53 waves + 


The evaluation of the D wave showed that its con- 
tribution to the total cross section was less than 
10%. 

Comparison was male with experiment for ener- 
gies of incident mesons gr eater than 400 mev (up 
to 400 mev results of the present study agree with 
the results of reference 1). Experimental data are 
shown on the graph®. The results obtained theo- 
retically are given in the Table below. As is evi- 


dent from comparison, the theoretical values of ot 
(7*+ p) agree favorably with the experimental data, 
but the values of o (7 + p)were noticeably smaller 
than those obtained experimentally. 


Theoretical Values of Cross Sections 


| ot (n+ p)y | oO (+ P)g 
Ex, mev - 1027 es + 1027 one 


600 18.5 Wena ps 

800 22,2 24 
1000 23 20.9 
1200 22 29 


It is possible that the experimental values for a” 
(7-+p) are diminished as the result of their being 
made more precise’. But even in this instance 
agreement with the experiment is to be expected 
only in the calculation of the state nucleon + two 
mesons. This state should significantly increase 
the cross section o(7+ p) with an insignificant in- 
crease in o"(7*+ p). 

In conclusion the authors express their thanks to 
I. E. Tamm, Iu. A. Gol’fand and V. Ia. Fainberg for 
their continuous interest in the work as well as to 
L. V. Pariski, N. E. Nikulkina and L. I. Grachev, 


who performed a grea computational task. 


1 
I. E. Tamm, lu. A. Gol’fand and V..la. Fainberg, J. 
Exper. Theoret. Phys. USSR 26, 649 (1954) 
? 'W. Heitler, Proc. Cambr. Phil. Soc. 37, 291 (1941) 
3 Annual Review of Nuclear Science, 4, 229 (1954) 


1s. M. Shutt.»A. M. Thorndicke and-W. 1. Whittemore, 
Phys. Rev. 97, 797 (1955). 
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The Reiation Between our Criterion of Stability 
for c Homogenious Phase and that of 


S. V. Tiablikov 


I. Z. FIisHer 
(Submitted to JETP editor June, 24, 1955) 
J. Exper. Theoret. Phys. USSR 29, 884 (December, 1955) 


OGOLIUBOY and S. V. Tiablikov have noted 

that the criterion for the stability of a homogeneous 
distribution of particles, given in reference 1, coir 
cides with the similar criterion, given earlier and 
and in different form by Tiablikov? in the case of 
limit points of the second kind. Fquation (9) of 
reference 2 and the first of Fg. (34) of reference 3 
can be put in the same form 


dn ¢ sinBr ft ay. | a 
Sr ee (tb) ae rar =, () 


0 


where ®(r) is the intermolecular potential, g(r) is 
the radial distribution function. This equation 
must be satisfied by the equation for the determina- 
tion of B. The second of Eq. (34) in reference 2, 
which serves for this purpose, similarly to Eq. (1), 
is written in the expanded form 


oo r 
\ (sin Br — Gr cos Br) | eo a\ rir =0. 
0 oo 

This con dition is absent in reference 2, but a 
graphical mahod is applied there tothe determination 
of 8, which, as can be shown, is approximately 
equivalent to the requirement of Eq. (2). The ap-. 
proximation of the graphical method of Tiablikov 
consists of this, that the temperature on the left 
side of Eq. (9) in reference 2 is considered as an 
unknown and variable, while the term on the right 
is c msidered given and constant. A general and 
precise condition for determining f in reference 2 
is not given. 

The different approach to the problem in refer- 
ences 1 and 2, and, in part, the differences in no- 
tation account for the fact that the equivalence of 
the two stability criteria remained unknown to us. 
An attempt to determine the sign of the derivative 
(dv/dt) along the fusion curve by the theory of Tia 
blikov led us, as a consequence of an admitted 
error, to the physically inadmissible result of 
which mention was made in reference 3. Actually, 
as is clear from the above, the sign of the deriva- 
tive must be the same in the two cases. It was 
shown in reference 4 that (dv/dT),. 4 <0 for sys- 
tems of the xgon type, in accord with the experi- 
mental facts. Therefore the author acknowledges 
the error of his statement on the unfitness _ 
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of the stability criterion for a liquid of S. V. Tia- 
blikov, which statement was based on a misunder- 
standing of what was contained in reference 3. 

The author thanks N. N, Bogoliubov and S. V. 
Tiablikov for their discussion of the question and 
for pointing out the error. 


Ht 
I, Fisher, J. Exper. Theoret. Phys. USSR 2 
(1955); Soviet Phys. JETP 1, 171 (lon5) eet 


2 
Salieb likov; J: Exper Theoret» Ph 
386 (1947) per. Theoret. Phys. USSR 17, 


3 ; 
I. Fisher, J. Exper. Theoret. Phys. USSR 28, 43 
(1955); Soviet Phys. JETP 1, 273 (1055) Poe 


4 
I. Fisher, J. Exper. Theoret. Phys. USSR 28, 447 
(1955); Soviet Phys. 1, 289 (1955) 4 : 
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Capture of Thermal Neutrons by 
Isotopes of Lead 
A. V. SHutT’Ko AND D.F. ZARETSKII 
(Submitted to JETP editor August 31, 1955) 
J. Exper. Theoret. Phys. USSR 29, 866-868 
(December, 1955 ) 


l CHARACTERISTIC of the capture of thermal neu- 
trons by a natural mixture of lead isotopes is a gam- 
ma-ray spectrum Consisting of only two lines!, The 


gamma quanta appear as quanta of the electric di- 
pole type, the energies (Ey, = 7.380 + 0.008 mev 


and E,, = 6.734 + 0.008 mev) being equal to the 
2 
b*°? and Pb207, 


respectively. This simplicity of the spectrum re- 
presents the exception among the spectra of heavy 
elements and is associated with the ‘‘ magic’”’ at- 
tribute of Pb?°8. An analysis of levels Pb2°8 and 
Pb?°7 shows that the simplicity of the spectrum can 
be explained if one assumes that an intermediate 
nucleus is not created during the capture, but that 
the process consists of an immediate transition of 
a neutron from a continuous spectrum into bound 
states. This same mechanism also specifies the 
correct magnitude of the cross section for capture 
of thermal neutrons by lead. 

2. Having investigated gamma rays accompanied 
by beta decay of T1?°8, Elliott” et al obtained the 
energy level scheme of Pb?°8 (Fig. 1), from which 
it is seen that for capture of thermal neutrons by 
Pb207 transitions to excited levels of Pb?° are 


possible for only a high multipolarity. It is neces- 
sary to note also that these levels apparently cor- 
respond to an excited proton since: 1, spins and 
parity, shown in Fig. 1, can be obtained from the 


binding energies of a neutron in P 
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shell model, assuming that a proton from the filled 
shell (82 protons) is shifted tothe succeeding un- 
filled shell; 2, lower levels (E = 2.6 mev and E = 
3.2 mev) are not excited in the reaction Pb?2” (dp) 
Pp- 8x (energy of deuteron is 14 mev’)., 3 
levels arise from beta decay of meee dy it can 
be assumed that radiation results from the tran- 
sition of a proton from its excited state, arising 
from the conversion of a neutron into a proton, to 
its low-lying state. 


these 


Spin and 
pp208 Parity Energy (mev) 

ar 3,709 
> {- B4I5 
wae iS 3198 
———— 3- 2615 
ee Y J+ Q 

Fig. 1 


The first two levels excited in the reaction? 


Pb207 (dp) Pb?°8* have energies respectively 
equal to 3.37 mev and 3.60 mev. It is assumed 
that these levels have spins of 4 and 5, and parity 
3 : 20 
opposite to the parity of the ground state of Pb 
(spins and parities of levels in (dp) experiments 
have been identified in accordance with the shell 
model). The next levels lie near the energy 5-6 
mev. Thus it is seen that electric dipole capture 


must dominate for the ground state of Pb?°°. 

Let us consider Pb7°’, The scheme of low-lying 
energy levels of odd nuclei can be divided into three 
classes*: ‘‘consecutive’’ system of levels, 
**hole’’ system and mixed system. The excitation 
of ‘‘ consecutive’”’ and ‘‘ hole’’ levels in nuclei 
corresponds to the excitation of optical and x-ray 
terms in an atom. Now one can count it as anes- 
tablished fact” that the lower excited levels of 
Pb?207 appear ‘‘hole like’”’ (Fig. 2). As the figure 
shows, the spins and parities allow electric dipole 
transitions to the ground state Pisa and also to the 


3/2 (Cee 0.870 mev). If one 
assumes that the shell model holds for higher 


levels, then their spins and parities exclude di- 
pole transitions. 


excited state p 
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Transitions between levels of a continuous 
spectrum, which evidently have the appearance of 
*“consecutive’’, and the ‘‘ hole’’ level Ps /9 
appear forbidden compared with the transitions to 
level p,/9, since the ‘‘ cross-over’’ transitions 
appear particle-like. From the point of view of the 
intermediate nucleus, which we ordinarily under- 
stand as many-particle excitation, transitions to 
levels p,,. and p,,, are equally proper, and the 


absence of a transition to the p, ,, level is diffi- 
cult to explain. 


Spi d 
Pb 207 Cane Energy (mev ) 
Pig RES 
i S2 G5YO 
Pile a 
Fig. 2 


3. Let us evaluate the magnitude of the cross 
section for capture of thermal neutrons by Pb?°7, 
Taking into account the preceding , we assume 
that during capture only a single neutron, which is 
moving in a field described by a certain effective 
potential, U(r), changes state. The total cross 
section of the electric dipole capture is equal to 


es 167 ww? , (1) 
e 9h?Rc? 10? 
Oye ea 


A Fe 95 (2) 205 (r)ar, 
where P, and pp are the wave functions of the 
neutron in the initial and final states, kis the 


wave number of the incident neutron. Assuming 
that the potential changes sharply enough on the 
surface of the nucleus, we obtain (see, for example, 
reference 5) 


Qo = — (ZeUoR? | Ay: ?) Lo (R) Rey (R), (2) 


where U, is the magnitude of the effective poten- 
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tial inside the nucleus; hy of) and R py (r) are 


the radial wave functions corresponding to the in- 


cident (J=0) and the bound neutron (/=0). In the 
limit where &, 70 the value of the wave function 


LE “RIS expressed in terms of the scattering 
amplitude and radius of the nucleus: 


lim Lp,0(R) = (R—a)/R, (3) 


where a is the experimentally determined scattering 
amplitude of thermal neutrons in Pb?2°?. In addition 
if (2pE/h)!/2R>> 1 and U,!/? >> El/? (E is the 
order of magnitude of the binding energy of neutrons 
in Pb2°8), one can find that 


Rp, (R) = R- 7. 


(4) 
From Eqs. (1)- (4) it follows 
39n / Z \2 & (R—a)? U5 
22 == (+) he k,R Ce (5) 


For U, =42 mev, R =7.8 x 10°'* cm, a = 9.6 

x 107!5cem,° the incident energy of thermal neutron 
E , = 9.025 ev, and E =7 mev, we obtain o, =~ 0.42 
barn, which agrees with the experimentally deter- 
mined value of 0.7 barn. Above we compared the 
theoretical evaluation of the cross section with data 
on the capture of thermal neutrons by Pb?°’. Ex- 
periments” show that the cross section for capture 
of neutrons by Pb?°° is within an order smaller 
than the cross section for capture by heavier iso- 
topes. This diminution can be attributed to the 
fact that capture of neutrons by Pb2°® is accom- 
panied by a certain deformation of the self-con- 
sistent field, but in the case of Pb?°’this deform- 
ation has practically no significance. One can say 
that capture by Pb?°° appears less “single-par- 
ticle-like’’ than in the case of Pb?2°’. Thus, the 
anomalous character of the capture radiation in iso- 
topes of lead apparently is explained if it originates 
from a single-particle picture of capture. Obviously, 
such a consideration under no circumstances is ap- 
plicable to heavy nuclei which are far from closed 
shells. These nuclei have great density of levels 
for the intermediate nucleus, and thus single-particle 


ee cannot compete with collective capture. 
he authors thank Prof. A. S. Davydov for his 


discussion as well as B. F.. Turchiin for his valuable 
comments. 
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Crystalline Anisotropy of the Intermediate State 


Iu. V. SHARVIN AND V. L. SEDOV 
Institute of Physical Problems, 
Academy of Sciences, USSR 
(Submitted to JETP editor July 18, 1955) 


J. Exper. Theoret. Phys. USSR 29, 897 (December, 1955) 


W* have undertaken experiments on the investi- 
gation of the moments of forces which act 
through the agency of a magnetic field on a mono- 
crystalline sphere of lead of high purity 
(99.998%), placed in the intermediate state. The 
specimen was mounted on a torsion suspension so 
that the [010] axis could be vertical and was 
placed (at a temperature of 3.65 °K) in a magnetic 
field whose direction could be changed in the 
horizontal plane. In addition, we superimposed a 
small (1-2 oersteds) magnetic field, which changed 
its sign with a period of 30 sec. Under these 
conditions we could observe the moments, which 
evidently have a reversible equilibrium character, 
and which arise as a consequence of the depend- 
ence of the surface tension at the boundary of the 
superconducting and normal phases on the 
orientation of this boundary with respect to the 
lattice. The great scatter of the results of 
various experiments, which is connected with the 
imperfections of the lattice of the specimens, 
does not permit a completely reliable quantitative 
check. However, qualitatively speaking, the two 
samples that we investigated gave results in 
agreement, namely, that the free energy of the 
specimen, as a function of the angle between the 
field and the tetragonal axis has maxima in the 
[100] and [001] directions. The intermediate 
minimum is located approximately at an angle of 
25 -35° with respect to the tetragonal axis. The 
height of the maxima for our samples (diameter 
12.6 mm, 50% superconducting phase) was of the 
order of 107 erg. These results are evidently 
in qualitative agreement with the anisotropies of 


the penetration depth found by Pippard ?, 
We express our thanks to A. I. Sha’nikov for 
his interest in this work. 


1 2 
A. B. Pippard, Proc. Roy. Soc. (London) 203, 195 
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Heat of Vaporization of Oxygen in the 
Temperature Range 80- 106% 


R. A. ALIKHANOV 


Institute of Physical Problems, 
Academy of Sciences, USSR 
(Submitted to JETP editor July 21, 1955) 
J. Exper. Theoret. Phys. USSR 29, 902-903 
(December, 1955) 


i Bl to the present time the heats of vaporization of 

condensable gases as a function of temperature 
have been little studied, although they are of both 
practical and theoretical interest. The basic theoretical 
methods of calculating heats of vaporization require the 
knowledge of a great number of other quantities. 
Experimental determinations have been few and in- 
sufficiently reliable. 

We have undertaken to investigate the heat of va 
porization of oxygen from 80° to 106% by a pre- 
cision method which we have developed, carried 
out as follows. A calorimeter contains an evapora 
tor filled with the liquid, and a measured amount 
of power is applied. The vapor which forms is col- 
lected by condensation in a light tank and weighed 
at room temperature on an analytical balance. Dur- 
ing the weighing period the evaporation process 
goes on in another similar flask. 

The apparatus which has been constructed for 
this purpose includes: 

(1) a vacuum adiabatic calorimeter, similar to the 
one described previously 4, with a number of changes 
and improvements; 


(2) a system of two capillaries leading out of the 
enlovineter: one is used during filling and evapora- 


tion, and the other is connected to a mercury ma- 
nometer; 

(3) a gas system consisting of two thin-walled 
stainless steel tanks, closed by vents of original 
construction, a Rourdon manometer, and operating 
valves used during the period of evaporation. 

Thirty-five measurements were made of the heat 
of evaporation at seven different temperatures. The 
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(2 
value of the heat of vaporization at the normal boil- at the normal boiling point as measured by various 
ing point served as a check on the method. The workers in recent years: 


following table compares the heats of vaporization 
Se ee ee ee ee 


L (cal/mole) (CK) 


Giauque and Johnston” 1628.8 +1.6 90.13 
Clusius and Konnertz® 1630.0 +1.5 90.19 
Present measurement 1628.7 1.0 90.19 
Our measurement agrees satisfactorily with the figure compared to the experimental data of Alt* 
previous results. and to values calculated from the empirical formula 
The heats of vaporization at different tempera of Mathias”. 


tures are presented below, and are shown in the 


IPP YK 80.0 841.5 85.4 90.2 95.4 100.0 


L (cal /mole){706 1696 1665 4628 1587 1544 vier 


1490 


The dashed line on the graph representsthe curve  G. Strelkov for his constant attention and interest 
calculated from our choice of empirical expressi0n: in this work. 


I should like to express my deep gratitude to P. 


L? = 67208, 68 (T,, — T) — 555,224 (T,, — T)® + 2,32505 (T,,— T)*. 


60 80 100 120 WO 155 T (°K) 


Broken line —Set*; solid circles —Mathius et al°; 
open circles ~ author’s data 
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Measurement of the Absolute Quantum Yield of 
Photoluminescence of Alkali-Halide Crystals 


Z. L. MORGENSHTERN 
P, N. Lebedev Physical Institute, 
Academy of Sciences, USSR 
(Submitted to JETP editor July 19, 1955) 
J. Exper. Theoret. Phys. USSR 29, 903-904 
(December, 1955) 


| N earlier works the dependence of the relative 
quantum yield of photoluminescence of crystals 
of KI-Tl and Nal-T1 on the concentration of the 
activator! and the wavelengths of the exciting 
light? was investigated. In the present work the 
absolute quantum yield of luminescence of these 
crystals during excitation in the absorption region 
of the activator was investigated. 

For determining the absolute quantum yield a 
method was used in which the number of lumines- 
cent quanta and the number of absorbed quanta of 
exciting light was measured with the aid of a 
substance which is luminescent under the action 
of the one as well as the other radiation, and 
which has a constant quantum yield in the entire 
measurable region. This method has been applied 
earlier to the measurement of the absolute 
luminescence yield of powdered phosphors which 
radiate in the ultra-violet’, and also of some 
finely-crystalline organic phosphors*. 

Our measurements were carried out in a photo- 
metric sphere, which made it possible to take 
into account the entire flux of luminescence. As 
a measurable luminescent substance a powdered, 
light yellow phosphor was taken. The preliminary 
tests showed that the quantum luminescence 
yield of this phosphor does not depend on the 
wavelength in the region 240-500mp , and the 
-ehsorption coefficient of the surface of the 
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powdered layer of phosphor is constant (about 
0.95) in this region. The excitation and radiation 
spectrum of the crystals KCI-Tl, KI-T1, and 
Nal-Tlis in this region. 

The measurements were carried out with light 
excitation from a hydrogen lamp through a 
spectrometer SI'-4, with a cap enclosing an 
F'EY-19 photomultiplier and an amplifier*. The 
crystal was placed in an aluminum sphere (p4cm), 
which had a slot (4 x 10mm) for the entrance of 
the exciting light, and an aperture (f 10 mm) for 
the exit of the luminescent light. The sphere was 
lined in the interior with a thick layer of 
phosphor. The exciting light fell on the crystal 
and part of it was reflected while the remainder 
was absorbed, producing luminescence of the crys- 
tal (special attention was given so that the 
absorption of exciting light in the crystal was 
complete). The reflected light as well as the 
luminescent light of the crystal caused a glow of 
the phosphor, which was registered by the photo- 


‘multiplier. 


The reflected (Fresnel) exciting light was 
measured with the help of another nonabsorbing 
crystal, the back face of which was blackened. A 
crystal of NaCl was used for this purpose. The 
small difference in the index of refraction is un- 
important, in view of the small size of the correc- 
tion. The incident exciting light (in order to 
preserve the geometry) was similarly measured 
with the aid of a nonabsorbing crystal, the back 
face of which in this case was covered with 
magnesium oxide. It is obvious that if in the first 
measurement we obtain the reading a, in the 
second b, and in the third c, then the quantum 
yield will equal 7 =(a- b)/(c -d). The results 
of the measurements of yield are presented in the 
following Table. 


Crystal ( excit] 7 | Note 
m 
KCi- T1 246 | 0.80 
KJ-T1 245 ve | Different crystals 
0:93 | 
) One and the same 
‘ 0.77 tal, different 
T 285 crystal, 
a va method of calculation 
: of the reflected light 
NaJ-Tl 260 0.40 
NaJ-Tl 293 | 0.61 


The concentration of Tl in the crystals KI-T] 
and Nal-Tl was sufficient so that during the 
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excitaion in the shortwave region of absorption 


the Tl yield no longer depended on its concentra- 


tion’. In KCI-Tl, according to our measurements, 


the concentration of T] was 1.5 x 10°4gm T1/gmKCl; 
the data for KCI-Tl correspond well with those 
available in the literature’. It should be noted 

that in KI-T1 the variations in the value of the 

yield for various crystals (with high content of T1) 
is found to be greater during excitation with 

A =245 mu than with A= 285mp. This is easily 
explained by the different degree of overlapping 

of the short wave region of T] absorption with the 
boundary of absorption of the lattice itself, which, 


as has been shown”, is inactive. 

The above method was also used to measure the 
quantum yield of several organic monocrystals. 
The coefficient of reflection in this case was 
measured directly. With excitation of A = 250 mp 
the yield amounts to: for tolane 0.57; for dibenzy] 
0.44; for stilbene 0.43; for naphthalene 0.18. 
These values correspond satisfactorily with the 
data of other authors. 

IthankM. N. Alentsev and M. D. Galanin for 
their valuable advice and help during the comple- 
tion of this work. 


* The cap was constructed by E. E. Bukke. 
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The Surface Tension of Liquid He? in the 
Region of Very LowTemperatures (1.0-0.35°K) 


K.N. ZINOV’EVA 
Institute of Physical Problems, 
Academy of Sciences, USSR 
(Submitted to JETP editor September 15, 1955) 


J. Exper. Theoret. Phys. USSR 29, 899-900 
(December, 1955) 


1 e 
E ARLIER © we discussed our measurements of 


the surface tension of liquid He® from the criti- 
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cal temperature to 0.93% by the method of capil- 
lary rise*. In the present work we have continued 
the measurements to lower temperatures using our 
earlier capillaries with diameters of 0.360, 0.224, 
‘ad 0.188 mm. By pumping on He? vapor, we were 
able to carry the measurements to 0.35°K. 

The temperature of liquid He? was determined by 
the vapor pressure of He’, measured with a Vcleod 
gauge. In the temperature interval 0.5-1.0°K we 
used the temperature scale of Sydoriak and Roberts 
(see reference 2). Below 0.5°K, the temperature 
was calculated from the vapor pressure, using an 
empirical formula given in reference 2. The pres- 
sure of the saturated vapor of He® at a temperature 
of 0.35°K was 0.008 mm Hg. To measure the posi- 
tion of the level in the capillary we used a cathe- 
tometer, KM-5, which enabled us to read the height 
with an accuracy of 0.001 mm. However, as in the 
previous work, the actual accuracy of the reading 
was no better than several hundredths of a milli- 
meter, since the observation of the meniscus was 
made through eight dewar vessel walls. The shape 
of the meniscus did not vary, and the guide line 
was adjusted for some average position of the di- 
vision line. The error, introduced by the deforma- 
tionsof the heterogeneous glass, and noted by us 
earlier!, was no greater than +2%. 

The measurement proceeded in the following way. 
After the temperature had reached the lowest point, 
around 0.3°K, the pumping was stopped and the 
liquid slowly warmed up. In the warming process, 
regular measurements were taken of the vapor pres- 
sure of He? and the height of rise of the liquid in 
the capillary. The warm-up time from 0.3°to 1.0°K 
took approximately 2.5 hours. 

The calculation of the coefficient of surface ten- 
sion was made according to the equation a = pgrh/2, 
wherethe value of p, the density of liquid He®, was 
taken from the paper of EF. C. Kerr. The results 


obtained in the temperature interval 0.35-1 .0°K, aver- 
aged for the three capillaries, are shown in Fig. 1 
together with earlier data’. Also shown are the re- 
sults obtained by others*’>. As we can see from 
the figure, the results from all three papers are in 
satisfactory agreement. (The old data have been 
recalculated using the new densities *.) 

The error in determining the value of the surface 
tension in the region of very low temperature is ap- 
proximately 5%. The maximum scatter of the indi- 
vidual points is shown by the arrows on the figure. 

As we can see from the graph, the surface ten- 
sion of Fe? below 0.6°K approaches its limiting 
value equal to 0.152 dyne/em. This value is 2.3 
times smaller than the limiting value a, for He4, 
which is assumed to be equal to 0.35 dyne/cm on 
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the basis of extrapolated experimental data®’. 


« dyne/cm 


35 T° 


Fic. 1. @-data from this work and reference]; 
-Esel’son and Berezniak4, O-Lovejoy®. 


It is interesting to note that the character of the 
dependence of the temperature on the surface ten- 
sion in He‘ and He? is exactly the same and dif- 
fers only in magnitude. This is easy to see from 
Fig. 2, which shows o/a, as a function of T/T ,, 


Je SRaeae 
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IN 


go gy T/T, 


F1G.2.. 0-He*, O-He® 


for He3and He’. Both curves coincide, within the 
limit of the accuracy of the measurements. Thus, 
we see that the different statistics of the isotopes 
leads to no noticeable difference in the temperature 


dependence of surface tension down to 7/T’,, = 0.19. 


In closing I wish to express my deep gratitude to 
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Prof. V. P. Peshkov for his sustained interest in 


our work, and to N. I. Iakovlev whohelped with the 
measurements. 
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Surface lonization of Calcium, Strontium 
and Magnesium on Oxidized Tungsten 


Iu. K. SZHENOV 
(Submitted to JETP editor June 2, 1955) 
J. Exper. Theoret, Phys. USSR 29, 901-902 
(December, 1955) 


oc HE surface ionization effects in alkali metal atoms 
are known to be well described by the Saha- 
Langmuir equations In the case of the alkaline 
earth elements, no satisfactory agreement with 
theory has yet been obtained. The existing data 
on surface ionization of barium?~*, calcium and 
magnesium>’® on tungsten were obtained under 
various experimental conditions and differ notice- 
ably among themselves. It is possible that in some 
of these experiments the tungsten had become 
oxidized, thus altering the work function of the 
surface and complicating the observations. In this 
letter we shall describe some results of attempts 
to study the surface ionization of calcium, 
strontium and magnesium atoms on tungsten, under 
taken with the aim of exploring the possibility of 
ioniang them effectively. A mass spectrometer 
method was used to measure the flow of ions, thus 
enabling the joint surface ionization of different 
types of atoms to be followed, and comparative 
measurements to be made®. 

It was found that the change of surface ioniza- 
tion with temperature for calcium on tungsten 
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satisfies the Saha-Langmuir equation. Similar 
results for magnesium were obtained in the work 
reported in reference 6. 

Attempts to increase the effectiveness of 
surface ionization of calcium by a preliminary 
oxidation of the tungsten did not give positive 
results. However, when a continuous stream of 
oxygen was directed at the incandescent tungsten, 
the ion current at first increased by two orders of 
magnitude, after which the equilibrium current, 
and the time required to establish it, were ob- 
served to depend on the pressure of oxygen near 
the filament, over a small range of pressure (of 
the order of 10°° to 10°> mm Hg). A further 
increase in pressure did not affect the magni- 
tudes of the ion currents. At tungsten filament 
temperatures of about 2000°K there was a maxi- 
mum in the ion current, and with increasing 
oxygen pressure the location of this maximum 
shifted slightly in the direction of higher 
temperatures. If the glowing filament were sud- 
denly heated to temperatures above 2600°K and 
then reduced to its former temperature, a sudden 
initial jump in ion current was observed, followed 
by a drop tovalues noticeably lower than the 
initial current and then by a gradual recovery to 
the initial value. The recovery time decreased 
at higher pressures. 

The intensity of the calcium beam was varied 
over such wide limits that the time required to form 
a monomolecular layer of calcium oxide on the 
filament would have required from a few seconds to 
several hours. None the less, an interruption in 
the oxygen supply invariably led to a sharp 
decrease in the ion current. Consequently, under 
these conditions the increased effectiveness of 
surface ionization of the calcium cannot be due 
to the formation of a layer of calcium oxide on 
the tungsten?. 

Analogous results were obtained with strontium, 
magnesium and sodium. In the case of sodium, the 
increased surface ionization at the much lower 
filament temperatures persisted even after the 
oxygen supply was cut off, as is usually observed 
on oxidized tungsten. (It is known that lithium is 
also effectively ionized on incandescent tungsten 
which is kept in a stream of oxygen’). 

Thus in our experiments we have observed the 
surface ionization of calcium, strontium and mag- 
nesium on oxidized tungsten, under conditions of 
continuous regeneration of the decomposing layer 
of tungsten oxide. The greatest effect was ob- 
tained in a narrow interval of high temperatures 
ad at suitably high oxygen pressures, where 
apparently adsorption of calcium, strontium or 


magnesium atoms on the surface does not play a 
substantial role but the rate of oxidation of the 
tungsten is considerable, so that the values of 
temperature and mean work function of the surface 
are optimal. It is to be expected that an in- 
creased degree of surface ionization, due to the in- 
creased work function of the tungsten when it 
becomes oxidized , would occur under definite 
conditions regardless of the type of atoms. It is 
proposed to make use if this effect to detect 
atomic beams of the alkaline earth metals in 
measuring their nuclear moments. 
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Phosphorescence of the Crystal Phosphor 
ZnS-Cu during Excitation by an Electron 
Beam 


T. P. BELIKOVA 
P. N. Lebedev Physical Institute, 
Academy of Sciences, USSR 
(Submitted to JETP editor July 19, 1955) 
J. Exper. Theoret. Phys. USSR 29. 905-906 
(December, 1955) 


OTWITHSTANDING the large number of inves- 

tigations of cathodoluminescence, there are 
almost no works in the literature in which a 
comparison is carried out, on the very same 
specimens, of the kinetics of the after-glow of 
phosphors under excitation by light and electrons. 
For the beginning stages of afterglow (about 
1073 sec) such an investigation has been carried 
out. In this work it was shown that the decay 
takes place nonspecifically with regard to the 
sort of excitation and that the difference in the 
observed decay curves can be explained by means 
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of the difference in density of excitation during 


various types of excitation (light \ = 365 or 313 mp, 


or an electron beam). 

In the present work the continuous decay of 
luminescence of a ZnS-Cu phosphor (1074 g/cm?) 
was measured during excitation by an electron 
beam (energy of 2000 v, current density of 


3pamp/cm*) and, for comparison, under excitation 


by light with A = 365mp. Figure 1 gives decay 


J log t,sec 


J log t,sec 


HirGea 


curves in double logarithmic coordinates, obtained 


with various intensities of exciting light a and with 


various densities of current 6. The numbers on 
the curves indicate, respectively, the relative 
intensity of exciting light and the relative 


stationary brightness of luminescence under exci- 


tation by electrons. 
According to these data, the decay of cathodo- 


luminescence to the last stages of after-glow 
follows, as in photoluminescence, a hyperbolic 


law, in which the slope of the decay curves during 


electron excitation is somewhat smaller than is 


the case with light, despite the fact that in the 
first case with the very same brightness of phos- 
phor the density of excitation is much larger than 
in the second case. 

The appearance of the decay curve must 
essentially depend on the initial distribution of 
the exciting electrons in the phosphor according 
to different levels of localization. In Fig. 2 are 
curves of the temperature induced glow of the 
investigated phosphor during light (curve 1) and 


If 
20 
2 
10 
1 
' , 
-150 -0 -30 0 a 


PAL 
Fic. 2 


during electron (curve 2) excitation*. The 
similarity of these curves shows that the system 
of local levels and their filling is essentially 
unchanged by electron excitation as compared 
with excitation by light. The reason for the dif- 
ference in the decay curves can consequently not 
be found directly from the obtained curves of 
temperature induced glow. Clarification of the 
difference re mires amore detailed investigation. 

«The author expresses hid gratitude to V. L. 
Levshin, who suggested this work. 


* 
In taking the curves of temperature glow, the 
intensity of excitation was matched by means of the 


maximum of the intensities used in obtaining the decay 
curves. 
1 
V. A. Arkhangelskaia, A. M. Bonch-Bruevich, N. A. 
Tolstoi and P. P. Feofilov, J. Exper. Theoret. Phys. 
USSR 21, 290, 297 (1951). 
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On a Theory of the Electrical Conductivity of Metals 
P. S. Zyrianov — 247 

The Effect of Interelectronic Collisions on the Elec- 
trical Conductivity and Skin Effect in Metals, V. L. 
Ginzburg and V. P. Silin — 46 

Thermal and Galvanometric Effects in Strong Fields at 
Low Temperatures, G, E. Zil’berman — 650 

Two Electrode High Frequency Discharge at Pressures 
from 100 mm Hg to Atmospheric, G. S. Solntsev and 
M. M. Dimitrieva — 533 


Electrical Discharges 


Electroacoustic Waves in Gas Discharge Plasma with 
Consideration of Volume Recombination, M. V. Ka- 
niukov and Ia. P. Terletskii —742], 

On the Development by Means of Leaders of the Proc- 
ess of Breakdown of Liquids, I. E. Balygin —5731, 

On the Theory of Langmuir Probes, Iu. M. Kagan and 
V. 1. Perel’ — 326L 

The Question of the Possibility of Measuring the Tem- 
perature of the Column of a Jet Discharge Using the 
3064A Hydroxyl Band, M. Z. Khokhlov —559 

Two Electrode High Frequency Discharge at Pressures 
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from 100 mm Hg to Atmospheric, G. S. Solntsev and 
M. M. Dimitrieva —533 
Electrical Properties (see also Dielectrics and Dielec- 
tric Properties; Electrical Conductivity and Resist- 
ance; Semiconductors; Superconductors) 
Anamalous Skin Effect in an Arbitrary Integral of Col- 
lision, M. Ia. Azbel’ — 749], 
Dielectric Losses in Ionic Dielectrics in Strong Elec- 
tric Fields, L. E. Gurevich and V. N. Gribov —565 
Electrical After-Effects in Rochelle Salt, K. N. Karmen 
—578L, 

Electromagnetic Properties of a Finely Stratified Me- 
dium, S. M. Rytov — 466 

Fluctuations in Oscillating Systems of the Thomson 
Type I, S. M. Rytov — 217 

Fluctuations in Oscillating Systems of the Thomson 
Type II, S. M. Rytov — 225 

Investigation of the Structure of the Surface of Films 
of Copper Oxide on Different Faces of a Monocrystal 
ellecpper and the determination of the Contact Po- 
tential Difference between these Surfaces, N. G. 
Gorngi = 687 

Measurement of the Absolute Quantum Yield of Photo- 
luminescence of Alkali-Halide Crystals, Z. L. Mor- 
genshtern — 773L 

Phosphorescence of the Crystal Phosphor ZuS-Cu 
During Excitation by an Electron Beam, T. P. Beli- 
kova — 776L 

Rotation of the Plane of Polarization in a Longitudinal 
Magnetic Field at a Wavelength of 3 cm, D. I. Mash 
— 364L 

Stable Dipole Moment of Aerosol Particles, A. A. Spar- 
takov and N. A. Tolstoi — 329L 

Thermal and Galvanometric Effects in Strong Fields at 
Low Temperatures, G. E. Zil’berman —650 


Electrodynamics (see Electromagnetic Theory and 

Electrodynamics) 

Electromagnetic Theory and Electrodynamics (see also 

Microwaves) 

An Elementary Derivation of the Formula for the Elec- 
tromagnetic Energy in a Dispersive Medium, M. L. 
Levin, — 168L 

Asymptotic Behavior of the Electromagnetic Vacuum- 
Polarization in the Presence of Meson Interactions, 
V. B. Berestetskii — 540 

Dielectric Losses in Ionic Dielectrics in Strong Elec- 
tric Fields, L. E. Gurevich and V. N. Gribov —565 

Electromagnetic Properties of a Finely Stratified Me- 
dium, S. M. Rytov — 466 

Green’s Function in Scalar Electrodynamics in the Re- 
gion of Small Momenta, A. A. Logunov — 337L 

Radiation of Molecules in the Presence of a Strong 
High Frequency Field, V. M. Fain — 747L 

The Gradient Representation of the Green’s Function 
for Charged Particles, L. D. Landau and I. M. Khalat 
nikov — 69 

The Interaction of Ordinary and Extraordinary Waves 
in the Ionosphere and the Effect of Multiplication 
of Reflected Signals, N. G. Dentsov — 342L 

The Radiation of a Rapidly Moving Electric Image of a 
Uniformly Moving Charge, G. A. Askar’ian — 3341. 

The Theory of the Acceleration of Charged Particles 
by Isotropic Gas Magnetic Turbulent Fields, S. A. 
Kaplan — 203 

Electron Diffraction (see Scattering of Electrons and 
Positrons) 


Electron Optics (see Electromagnetic Theory and 

Electrodynamics) 

Electronic Tubes (see Methods and Instruments) 
Electrons and Positrons (see also Electromagnetic 
Theory and Electrodynamics; Elementary Particle 
Interactions; Scattering of Electrons and Positrons) 
Method of Determination of Parameters of Ferromag- 
netic Resonance from Experimental Data, A. I. 
Pil’shchikov 703 
Numerical Values of the Constant of the Triplet Beta 
Interaction, D. A. Frank-Kamenetskii — 162 
Photoelectron Emission in a Ferromagnetic, A. Z. 
Veksler — 266 
Secondary Electron Emission in Thin Layers of Be. 
II, I. M. Bronshtein and T. A. Storodina—410 
Secondary Electron Emission in Thin Layers of Silver, 
I. M. Bronshtein and T. A. Storodina — 414 

The Measurement of the Specific oe of Conduc- 
tion Electrons, V. M. Iuzhakov — 332L 

The Problem of the Interpretation of Dirac’s Equation 
for the Electron, G. A. Zaitsev — 140 

The Role of Spin in the Study of the Radiating Elec- 
tron, A. N. Matveev- 356 

Electrons, Scattering of (see Scattering of Electrons and 

Positrons) 

Electrons, Secondary (see Electrical Properties) 

Electro-Optical Effects (see Optical Properties) 

Electrostriction (see Dielectrics and Dielectric Pro- 
perties) 

Elementary Particle Interactions 

Asymptotic Behavior of the Electromagnetic Vacuum- 
Polarization in the Presence of Meson Interactions, 
V. B. Berestetskii —540 

Formation of a /-Meson Pair in Positron Annihilation, 
V. B. Berestetskii and I. la. Pomeranchuk —580L 

Formation of Neutral 7-Mesons in (n — p) Collisions at 
Effective Neutron Energies of 590 mev, V. P.Dzhele- 
pov, K. O. Oganesian and V. B. Fliagin —757L 

Interaction of Nucleons through a Pseudoscalar Meson 
Field, A. A. Rukhadze — 5701, 

Orientation of Planes in Double V° Decay Events, 

V. M. Kharitonov — 7411, 

Possibility of Formation of Penetrating Radiation in 
(u°-Mesons) in the Collision of High Energy Pro- 
tons with Nuclei*, A. N. Novikov, B. M. Pontecorvo, 
and G. I. Selivanov — 754L 

Solution of the Equations of Pseudoscalar Meson 
Theory with Pseudoscalar Coupling, I. Ila. Pomeran- 
chuk —739 

The Asymptotic Green’s Function of Nucleon and Mes- 
on in Pseudoscalar Theory with Weak Interaction, 
A. D. Galanin, B. L. Ioffe, and I. Ia. Pomeranchuk 
— 37 

The Fermi-Yang Hypothesis, S. S. Filippov — 572L 

The Theory of Strong Coupling for Meson Fields I, B. 
T. Geilikman — 509 

Theory of Strong Coupling for Meson Fields III, B. T. 
Geilikman — 45] 

Elements (see Atomic Mass and Abundance ) 
Energy Loss of Particles (see Range and Energy Loss) 
Energy States of Atoms (see Atomic Structure and 

Spectra) 

Energy States of Nucleus (see Nuclear Reactions; 

Nuclear Spectra; Nuclear Structure Theroy) 

Errata — 174, 793 
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p- 563, column 1, 5th line from bottora 


reads should read 
‘fissions” “‘disintegrations”’ 
Index to J. Tech. Phys. 
p. 374 


Our apologies to Academician Abram Fedorovich 
lotte for interpreting his anniversary eae as 
an obituary. Like the report of Mark Twain's de- 
mise, it was a great exaggeration. 

Evaporation (see Liquids) 

Excitation of Atoms (see Atomic Structure and Spectra) 

Excitation of Nucleus (see Nuclear Reactions; Nuclear 
Spectra; Nuclear Structure Theory) 


Faraday Effect (see Optical Properties) 
Ferroelectric Phenomena (see Dielectrics and Dielec- 
tric Properties) 
Field Emission (see Electric Properties) 
Field Theory (see also Quantum Electrodynamics) 
Asymptotic Behavior of the Electromagnetic Vacuum- 
Polarization in the Presence of Meson Interactions, 
V. B. Berestetskii — 540 
Formation of a 7-Meson Pair in Positron Annihilation, 
V. B. Berestetskii and I. Ia. Pomeranchuk — 580L 
Interaction of Nucleons through a Pseudoscalar Mes- 
on Field, A. A. Rukhadze — 570L 
Meson Corrections in the Theory of Beta Decay, S. S. 
Gershtein and Ia. B. Zel’dovich — 576L 
Tensors Which are Characterized by Two Real Spinors, 
G. A. Zaitsev — 240 
The Asymptotic Green’s Function of Nucleon and Mes- 
on in Pseudoscalar Theory with Weak Interaction, 
A. D. Galanin, B. L. Ioffe, and I. Ia. Pomeranchuk 
— 37 
The Gradient Representation of the Green’s Function 
for Charged Particles, L. D.Landau and I. M. Kha- 
latnikov — 69 ; 
The Method of Terminated Field Equations and Its 
Application to the Scattering of Mesons by Nucleons, 
V. P. Silin, I. E. Tamm and V. Ia. Fainberg — 3 
aang Theory of Fields, I. E. S, Fradkin — 


The Scalar Field of a Stationary Nucleon in a Non- 
linear Theory, N. V. Mitskevich — 197 

The Theory of Molecular Attractive Forces between 
Solids, E. M. Lifshitz — 73 

The Theory of Strong Coupling for Meson Fields I, 
B. T. Geilikman — 509 

The Theory of Strong Coupling for Meson Fields II, 
B. T. Geilikman — 60] 

Theory of Strong Coupling for Meson Fields III, B. T. 
Geilikman — 45] 

Films, Properties 

Investigation of the Structure of the Surface of Films 
of Copper Oxide, on Different Faces of a Monocrys- 
tal of Copper, and the Determination of the Con- 
tact Potential Difference between these Surfaces, 
N. G. Gorngi — 687 

Study of the Structure of the Surface of a Liquid by 
the Method of Reflection of Light, V. A. Kizel’ 
So20 

Surface Ionization of Calcium, Strontium, and Mag- 
nesium on Oxidized Tungsten, Iu. kK. Szhenov 
rites 

The Photographic Action of Ionizing Particles I, A. 
L. Kartuzhanskii — 550 

The Study of Relativistic Particles by the Use of Nu- 


clear Emulsions in a Pulsed Magnetic Field, V. M. 
Lukhachev, A. V. Kutsenko and V. P. Voronkov 
— 766L 
Fine Structure (see Atomic Structure and Spectra) 
Fission of Nucleus (see Nuclear Fission) 
Fluid Dynamics 
Phenomena in the Vicinity of Detonation Formation 


in a Gas, K. I. Shchelkin — 296 


Fluorescence (see Luminescence) 


Galvanomagnetic Effect (see Magnetic Properties) 
Gamma Rays 
Angular Distribution of Gamma Rays at Great Depths 
of Penetration in Matter, V. I. Ogievetskii — 319 
Capture of Thermal Neutrons by Isotopes of Lead, A. 
V. Shut’ko and D. F. Zaretskii —764L 
The Internal Compton Effect, A. M. Iakobson — 
The Theory of the Propagation of Gamma Rays through 
Matter, V. I. Ogievetskii — 312 
Gases 
Concerning the Cross Section of Overcharging of Slow 
Ions in their Own Gas, Ia. M. Kagan and V. I. 
Perel’ — 761L 
Distribution Function of a Non-Ideal Bose Gas at the 
Temperature of Absolute Zero, D. N. Zuborev —745L 
Heat Evaporation of Oxygen in the Temperature 
Range 80-106°K, R. A. Alikhanov ~771L, 
Phenomena in the Vicinity of Detonation Formation 
in a Gas, K. I. Schelkin — 296 
The Question of the Possibility of Measuring the 
Temperature of the Column of a Jet Discharge Using 
the 3064A Hydroxy] Band, M. Z. Khokhlov- 559 
The Second Viscosity of Monotomic Gases, I. M. Kha- 
latnikov — 169L 
Gravitation (see Relativity and Gravitation) 
Gyromagnetization (see Magnetic Properties) 


Hall Effect (see Electrical Conductivity and Resistance; 
Semiconductors) 
Helium, Liquid 
The Behavior of Helium II in the Neighborhood of 
a Heat Diffusing Surface, G. L. Andronikashivili 
and G. G. Mirskaia — 406 
The Effective Density of Rotating Liquid Helium II, 
I, M. Lifshitz, and M. 1. Kaganov — 172L 
The Surface Energy Associated with a Tangential 
Velocity Discontinuity in Helium II, V. L. Ginz- 
burg — i70L 
The Surface Tension of Liquid He® in the Region of 
Very Low Temperatures, (1.0-0.35°K), K. N. Zmov’ 
eva —774L 
High-Volatge Tubes and Machines (see Methods and 
Instruments) 
Hyperfine Structure (see Atomic Structure and Spectra; 
Nuclear Moments and Spin) 
Hyperons (see Mesons and Hyperons) 
Imperfections in Solids 
Investigation of the Origin of Levels of Electron. 
Localization in Zinc Sulfide Phosphors, N. V.. 
Zhukova —608 
Investigation of the Structure of the Surface of Films 
of Copper Oxide on Different Faces of a Mono- 
crystal of Copper, and the Determination of the Con- 
tact Potential Difference between these Surfaces 
N. G. Gorngi — 687 
Photochemical Conversion of Color Centers in Heated 
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Crystals of Potassium Chloride, A. A, Shatalov — 

Thermal ad Galvanometric Effects in Strong Fields 
at Low Temperatures, G. E. Zil’berman — 650 

Inelastic Scattering (see Nuclear Reactions; Scattering) 
Instruments (see Methods and Instruments) 

Internal Conversion (see Nuclear Spectra) 

Ionization (see also Electrical Discharges; Range and 

Energy Loss of Particles) 

Electroacoustic Waves in Gas Discharge Plasma with 
Consideration of Volume Recombination, M. V. 
Kaniukov and Ia. P. Terletskii — 749], 

Surface Ionization of Calcium, Strontium and Magne- 
sium on Oxidized Tungsten, Iu. K. Szhenov —775], 

The Photographic Action of Ionizing Particles I, A. L. 
Kartuzhanskii — 550 

lonization Potentials of Atoms (see Atomic Structure and 
Spectra) 
Ions (see also Electrical Discharges) 

Concerning the Cross Section of Overcharging of Slow 
Ions in their Own Gas, Ia. M. Kagan and V. I. Perel’ 
me cOL: 

Electroacoustic Waves in Gas Discharge Plasma with 
Consideration of Volume Recombination, M. V. Ka- 
niukov and la. P. Terletskii — 742], 

Investigation of the Isotopic Constitution of Lithium, 
K. Ordzhonikidze and V. Shiuttse — 396 

Loss of Two Electrons by Negative Ions in Collisions 
with Atoms and Molecules, V. M. Dukel’skii and N. 
V. Fedorenko — 307 

Magnetic Properties of Trivalent Ions of Europium and 
Samarium, A. S. Borovik-Romanov and N. M.Kreines- 
657 

The Formation of Negative Oxygen Ions in the Col- 
lisions of Positive Oxygen Ions with Gas Mole- 
cules, Ia M. Fogel’ and L. I. Krupnik — 252 

The Photographic Action of Ionizing Particles I. 

A. L. Kartuzhanskii — 550 

The Rotation of the Plane of Polarization in Elec- 
trolyte Solutions by a Magnetic Field, A. F. Kap- 

ustinskii — 744L 
Ions and Electrons, Mobility 

Concerning the Cross Section of Overcharging of Slow 
Ions in their own Gas, Ia. M. Kagan and V. I. Perel 
— 761L : 

Electroacoustic Waves in Gas Discharge Plasma with 
Consideration of Volume Recombination, M. V. Kan- 
iukov and Ia. P. Terletskii —742L 


Isobars (see Atomic Mass and Abundance) 
Isomers, Nuclear(see Nuclear Spectra) 


Isotopes (see Atomic Mass and Abundance; Radioactivity) 


Liquid Helium (see Helium, Liquid) 
Liquids ome 
Observation of Electroconductive Convection in 
Electrolytes, G. A. Ostroumov — 428 
On the Development by Means of Leaders of the Proc- 
ess of Breakdown of Liquids, I. E. Balygin - 513L 
Study of the Structure of the Surface of a Liquid by 
the Method of Reflection of Light, V. A. Kizel’ 520 
The Rotdion of the Plane of Polarization in Elec- 
trolyte Solutions by a Magnetic Field, A. F. Kap- 
ustinskii —744L 
Luminescence 
Direct Measurement of the Total Light of Rapidly 
Decaying Processes of Luminescence, N. A. Tol- 


stoi and I. A. Litvinenko — 420 


Investigation of the Origin of Levels of Electron 
Localization in Zinc Sulfide Phosphors, N. V. 
Zhukova —608 

Measurement of the Absolute Quantum Yield of 


Photoluminescence of Alkali-Halide Crystals, Z. 
L. Morgenshtern — 773], 
The Lowering of the Luminescence Yield of Phos- 
phors in Intense Excitation, V. V. Antonov-Ro- 
manovskii, and L. A. Vinokurov — 711 
Phosphorescence of the Crystal Phosphor ZuS-Cu 
During Excitation by an Electron Beam, T. P. 
Belikova — 776L 
Some Problems in Recombination Luminescence 
Associated with Various Forms of Excitation in 
KCI-Tl Phosphors, I. P. Shchukin — 714 

Temperature Dependence of the Relaxation Time of 
Luminescence of Platino Cyanides of Barium and 
of Potassium, and of Fluorite activated with Euro- 
pium, N. A. Tolstoi, A. M. Tkachuk, and N. N. 
Tkachuk — 331L 


Magnetic Fields (see Electromagnetic Theory and 

Electrodynamics) 

Magaelic Properties 
lectromagnetic Properties of a Finely Stratified 
Medium, S. M. Rytov — 466 

Magnetic Properties of Trivalent Ions of Europium 
and Samarium, A. S. Borovik-Romanov and N. M. 
Kreines — 657 

Method of Determination of Parameters of Ferromag- 
netic Resonance from Experimental Data, A. I. 
Pil’shchikov — 703 

The Effect of Pressure on the Superconductivity of 
Cadmium, N. E. Akekseevskii and Iu. P. Gaidukov' 
SAL, 

The Effect of the Method of Demagnetization of the 
Specimen on the Temperature Dependence of the 
Magnetization of Nickel in Weak Fields, A. I. 
Drokin and V. L. Ii’iushenko — 191L 

The Quantum Theory of Ferromagnetism, S. V. Von- 
sovskii, K. B. Vlasov and E. A. Turov — 26 

The Quantum Theory of Magnetostriction, A. A. Gu- 
sev — 126 

The Rotation of the Plane of Polarization in Elec- 
trolyte Solutions by a Magnetic Field, A. F. Kap- 
ustinskii —744L, 

The Theory of the Acceleration of Charged Particles 
by Isotropic Gas Magnetic Turbulent Fields, S. A. 
Kaplan — 203 

The Thermodynamic Theory of Magnetic Relaxation, 
G. R. Kutsishvili — 187 

Theory of Magnetic Susceptibility in Metals at Low 
Temperatures, I. M. Lifshitz and A. M. Kosevich — 
636 

Thermal and Galvanometric Effects in Strong Fields 
at Low Temperatures, G. E. Zil’berman —650 

Magnetic Resonance 

Determination of Longitudinal Relaxation Times for 
Magnetic Resonance of Atomic Nuclei in an In- 
tense High Frequency Magnetic Field, S. D. Gvoz- 
dover ad N. M. Ievskaia — 486 

Determination of Transverse Relaxation Times in 
the Magnetic Resonance of Atomic Nuclei in Weak 
High-Frequency Magnetic Fields, S. D. Gvoz- 
dover and N. M. Ievskaia — 90 

Method of Determination of Parameters of Ferromag- 


788 VOLUME ® 


netic Resonance from Experimental Data, A. I. Pil’ 
shchikov —793 

Relaxation Processes in the Interaction of Nuclear 
Magnetic Moments with an Oscillator Loop, N. M. 
Pomerantsev —58]] 

Magneto-Optical Effects (see Optical Properties) 

Magnetoresistance (see Electrical Conductivity and 
Resistance; Semiconductors) 

Magnetostriction (see Magnetic Properties) 

Mass Defects (see Atomic Mass and Abundance) 

Mass Spectroscopy (see Atomic Mass and Abundance; 
Methods and Instruments) 

Mathematical Methods 
On the Correlation Method for the Determination of 

the Absolute Efficiency of Nuclear Reactions, V. 
I. Gol’danskii, and M. I. Podgoretskii — 441 

Real Spinors in Curvilinear Coordinates and in Pseu- 
do-Riemannian Space, G. A. Zaitsev — 290 

Tensors Which are Characterized by Two Real Spin- 
ors , G. A. Zaitsev — 240 

Measurements (see Methods and Instruments) 

Mechanics, Quantum (see Quantum Mechanics) 

Mechanics, Quantum - Atomic Structure and Spectra 
(see Atomic Structure and Spectra) 

Mechanics, Quantum - Nuclear (see Nuclear Structure 
Theory) 

Mechanics, Quantum - of Solid Bodies (see Crystalline 
State) 

Mechanics, Statistical (see Statistical Mechanics and 
Thermodynamics) 

Meson Field Theory (see Field Theory ) 

Mesons and Hyperons (see also Cosmic Radiation; 
Elementary Particle Interactions; Nuclear Reactions 
Induced by Mesons; Scattering of Mesons) 

Existence of Quantum Stationary States of Point Nu- 
cleons which Interact with the Meson Field, S. I. 
Pikar —462 

Fission of Heavy Nuclei by Slow 7-Mesons*, N. A. 


Perfilov and N, S. Ivanova, —_ 433 
Roraation of a p-Meson Pair in Positron Annihilation, 


V. B. Berestetskii and I. Ia. Pomeranchuk —580I, 

Formation of Neutral 7-Mesons in (n — p) Collisions 
at Effective Neutron Energies of 590 mev, V. P. 
Dzhelepov, K. O. Oganesian, and V. B. Fliagin 
a Co 

Interaction of Nucleons through a Pseudoscalar 
Meson Field, A. A. Rukhadze — 570L 

Note on Subsequent Transitions in Meson-Atoms, M. 
I. Podgoretskii — 363L 

Nuclear Capture of a Negative Heavy Meson, E. A. 
Zamchalova, V. I. Karpova and M. I. Tret’iakova 
— 165L 

Orientation of Planes in Double V° Decay Events, V. 
M. Kharitonov — 741], 

Possibility of Formation of Penetrating Radiation in 
(°-Mesons) in the Collision of High Energy Pro- 
tons with Nuclei*, A. N. Novikov, B. M. Ponte- 
corvo, and G. J. Selivanov — 754], 

Solution of the Equations of Pseudoscalar Meson 
Theory with Pseudoscalar Coupling, I. Ia. Pomeran- 
chuk — 739L, 

The Asymptotic Green’s Function of Nucleon and Mes- 
on in Pseudoscalar Theory with Weak Interaction, 
A. D. Galanin, B. L. Ioffe and I. Ila. Pomeranchuk 
— 37 

The Fermi-Yang Hypothesis, S. S. Filippov — 579], 


The Possibility of the Formation of A® Particles by 
Protons with Energies up to 700 mev, M. P. Balan- 
din, B. D. Balashiv, V. A. Zhukov, B. M. Ponte- 
corvo and G. I. Silivanov — 98 : 

The Problem of the Asymptote of the Green Function 
in the Theory of Mesons with Pseudoscalar Coup- 
ling, E. S. Fradkin — 340L 

The Processes of Production of Heavy Mesons and 


Vy Particles, B. M. Pontecorvo — 135 
The Role of Isobaric States of Nucleons in Meson 
Creation, A. I. Mikishov — 161 
The Theory of Strong Coupling for Meson Fields I, 
B. T. Geilikman — 509 
The Theory of Strong Coupling for Meson Fields II, 
B. T. Geilikman — 601 
The Theory of A° Particles, P. S. Isaev and M. A. 
Markov — 84 
Theory of Strong Coupling for Meson Fields III, B. T. 
Geilikman —45] 
Metals (see Crystalline State) 
Metastable Atoms (see Atomic Structure and Spectra) 
Methods and Instruments 
Calculation of the Ultimate Thickness of the Emul- 
sion Layer in the Investigation of Nuclear Proc- 
esses by the Photographic Method, M. M. Agrest 
— 166L 
Investigation of the Field of Partial Pressures in a 
Diffusing Condensing Chamber, V. K. Liapidev- 
skii — 346L 
Magnetic Properties of Trivalent Ions of Europium 
and Samarium, A. S. Borovik-Romanov and N. M. 
Kreines — 657 
Method of Determination of Parameters of Ferromag- 
netic Resonance from Experimental Data, A. 1. 
Pil’ shchikov — 703 
Neutron Spectrometry Based on the Measurement of 
the Decelerating Time of Neutrons, L. E. Lazareva, 
E. L. Feinberg and F. L. Shapiro — 351L 
Qn the Correlation Method for the Determinaion of 
the Absolute Efficiency of Nuclear Reactions, V. I. 
Gol’danskii, and M. I. Podgoretskii — 44] 
On the Theory of Langmuir Probes, Iu. M. Kagan 
and V. I. Perel’ — 326L 
Photoelectric Recording of Spectra of Combination 
(Raman) Scattering af Powdery Materials, Ia. S. 
Bobovich and V. M. Pivovarov — 574L 
The Question of the Possibility of Measuring the 
Temperdaure of the column of a Jet Dischage 
Using the 3064 & Hydroxy] band, M. Z. Khokhlov 
oS 
Microwaves 
Dielectric Losses in Ionic Dielectrics in Strong 
Electric Fields, L. E. Gurevich, V. N. Gribov 
— 565 
Electromagnetic Properties of a Finely Stratified 
Medium, S. M. Rytov —466 
Method of Determination of Parameters of Ferromag- 
netic Resonance from Experimental Data, A. I. 
Pil’shchikov — 703 
Microwave Spectrum of the C5H.Cl Molecule, A. I. 
Barchukov, T. M. Minaeva and A. M. Prokhorov 
— 760L 
Molecular Aggregates 
Photoelectric Recording of Spectra of Combination 
Scattering of Powdery Material, Ia. S. Bobovich 
and V. M. Pivovarov — 574], 
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The Theory of Molecular Attractive Forces between 

Solids, E. M. Lifshitz —73 
Molecular Structure and Spectra 

Methods of Investigating the Width of Raman Lines 
and Their Application, P. A. Bozhulin, S. G. 
Rautian, A. 1. Sakolovskaia and N. M. Sushchinskii 
— 663 

Microwave Spectrum of the C,H.Cl Molecule, A. I. 
Barchukov, T. M. Minaeva and A. M. Prokhorov 
700): 

The Question of the Possibility of Measuring the 
Temperature of the Column of a Jet Discharge 
Using the 3064 A Hydroxyl band, M. Z. Khokhlov 
= 559 

Moments, Nuclear (see Nuclear Moments and Spin) 
Neuirons (see Elementary Particle Interactions) 
Nuclear Fission 

Asymmetry of Fragment Ranges in the Fission of 
Heavy Nuclei by Ultrafast Particles, V. P. Shamov 
and O. V. Lozhkin — 111 

Delayed Neutrons Which Accompany Photofission of 
Uranium and Thorium, L. E. Lazareva, B. S. Ratner 
and I. V. Shtranikh — 301 

Fission of Heavy Nuclei by High Energy Neutrons*, 
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Our apologies to Academician Abram Fedorovich Ioffe for interpreting his anniversary biography as an obituary. 
Like the report of Mark Twain’s demise, it was a great exaggeration. 


ANNOUNCEMENT 


Beginning with the next issue (August, 1956), Soviet Physics JETP will appear monthly. Volume 3 (August, 
1956-January, 1957) will contain translations of all articles appearing in Volume 30 of the Journal of Experi- 
mental and Theoretical Physics of the USSR (January-June, 1956). Volume 4 (February-July, 1957) will be a 


translation of Volume 31 (July-December, 1956) of the Soviet Journal. 


Subscribers to Soviet Physics JETP for the calender year 1956 will receive Volume 3 as the completion of 
their subscription. For new subscribers (beginning with Volume 3) the subscription price will be $60.00 per 
year (two volumes, twelve issues) in the United States and Canada, $64.00 per year elsewhere. The single 
issue price will remain at $6.00. 


Beginning in either July or August, 1956, the American Institute of Physics will commence translations of 
the Journd of Technical Physics of the USSR, the Acoustics Journal of the USSR andthe physical sciences 
portions of Doklady. Price schedules for these journals are given below. Subscriptions should be addressed 
to the American Institute of Physics, 57 East 55 Street, New York 22, N. Y. 


Soviet Physics—Technical Physics 


A translation of the “Journal of Technical Physics’’ of the Academy of Sciences of the U.S.S.R. Eighteen 
issues per year, approximately 4,000 Russian pages. Annually, $90.00 domestic, $95.00 foreign. 


Soviet Physics—Acoustics 


Atranslation of the “Journal of Acoustics” of the Academy of Sciences of the U.S.S.R. Four issues per 
500 Russian pages. Annually, $20.00 domestic, $22.00 foreign. The 1955 issues of 


ear, approximatel 
‘ ar tet? U.S.S.R. will also be published. Will consist of two volumes, approximately 500 


‘*Journal of Acoustics’ 
pages, and the subscription price will be $20.00 for the set. 


Soviet Physics—Dokaldy 


of the Proceedings of the Academy of Sciences of the U.S.S.R. 


A translation of the “‘Physics Section”’ 
Se é Annually $25.00 domestic, $27.50 foreign. 


Six issues per year, approximately 900 Russian pages. 
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